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Tiivistelma

Tama opinnaytetyd on osa Kaakkois-Suomen ammattikorkeakoulun TKI-hanketta, jonka
tarkoitus oli tutkia ja kehittda menetelmia kiinteist6jen, teollisuuden prosessien ja toimitilo-
jen jadhdytykseen. Hankkeen tarkoituksena oli ilmastonmuutoksen my6téa nouseviin lampo-
tiloihin sopeutuminen ja kasvavan jaahdytystarpeen kattaminen kestavasti muun muassa
uusiutuvan energian avulla. Taman opinnaytetyon painopiste oli jadhdytyksen toteutuk-
sessa uusiutuvalla energialla, jonka kayttéonotto nousee yha valttamattomammaksi ilmas-
tonmuutoksen edetessa.

Taman toteuttamiseksi tdssa tydssa keskityttiin pddasiassa jaahdytyksen ja uusiutuvan va-
liseen rajapintaan. Ensimmaiseksi tarkasteltiin jaahdytyksessa yleisimmin tekniikoita ja nii-
den kayttbtapoja, silla olemassa olevan teknologian kayttd on ilmastonmuutoksen kannalta
nopeampi ja edullisempi ratkaisu kuin taysin uudenlaisen, joskin tehokkaamman, tekniikan
kehittdminen. Toisena analysoitiin sdhkodlla tapahtuvan jddhdytyksen toteuttamisvaihtoeh-
toja siihen sopivilla uusiutuvan energian muodoilla ja etsittiin mahdollisia ratkaisuja vas-
taantuleviin haasteisiin. Kolmantena arvioitiin lammolla tapahtuvan jaahdytyksen toteutusta
vastaavalla tavalla. Lopuksi katsastettiin kohteita, joissa uusiutuvalla energialla on merkit-
tava osuus kohteiden jaahdytyksessa ja analysoitiin ratkaisujen sopivuutta Suomen olosuh-
teisiin. Tyon ulkopuolelle on jatetty rakennustekniikkaan ja ymparistosuunnitteluun liittyvat
ratkaisut.

Opinnaytetyon tuloksena saatiin perusteellinen lapileikkaus uusiutuvan energian ja jaahdy-
tyksen vélisesta suhteesta ja niista keinoista, joilla ne voidaan yhdistaa. Tulokset tiivistettiin
taulukoihin, jotka esittavat saadut edut ja mahdolliset haasteet. Nykyiset tavat jaahdyttaa
ovat pitkalle kehittyneita ja sovellettavissa moneen kayttdon. Uusiutuva energia on myo6s
padsemassa eroon vanhoista heikkouksistaan, kuten korkeasta hinnastaan. Suurimmat
haasteet ovat naiden kahden rajapinnalla tapahtuva energian muutos ja uusiutuvan ener-
gian perusongelman, luotettavuuden, parantaminen. On my0s muistettava, etta parhaiden
tulosten saamiseksi on kaytettava kuhunkin tilanteeseen sopivaa jadhdytyksen ja energian-
l&hteen yhdistelm&a ja pidettava hybridivaihtoehdot kaytdssa niiden monimutkaisuudesta
huolimatta.
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Abstract

This thesis is a part of the Southeast Finland University’s RDI project which aims at study-
ing and developing methods for cooling real estates, industrial processes and premises.
The goal of the project was to adapt the rising temperatures due to climate change and to
cover the growing need for cooling through renewable energy. The focus of this thesis is on
the implementation of cooling with renewable energy. Its implementation becomes increas-
ingly necessary as climate change advances.

As a result of the thesis, a summary was produced about the use of renewable energy in
cooling and the ways in which they can be combined. Firstly, the most commonly used
techniques for cooling are considered, as the use of existing technology is a quicker and
more affordable solution to fight against climate change than the development of a com-
pletely new, yet more effective, technology. Secondly, the task is to analyse the alterna-
tives for the implementation of electric cooling with suitable forms of renewable energy and
possible solutions to emerging challenges. Thirdly, the implementation of heat cooling is
evaluated in a similar way. Finally, the facilities using renewable energy in cooling are ex-
amined and the suitability of the solutions for conditions in Finland is analysed. Solutions to
construction engineering and environmental design are excluded.

The thesis resulted in a review using renewable energy in cooling and the ways in which
they can be combined. The results were combined to charts, which show the acquired ben-
efits and possible challenges. Existing ways of cooling are highly sophisticated and applica-
ble to many uses. Renewable energy is also eliminating its old weaknesses, such as its
high price. The most significant challenges are in the energy efficiency and in the improve-
ment of renewable energy availability based on demand. To obtain the best results, a com-
bination of cooling and energy sources appropriate to each situation are recommended.
The hybrid alternatives could be considered where they are appropriate.
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1 INTRODUCTION

Intergovernmental Panel on Climate Change (IPCC) published in October 8th
2018 its fifth assessment report, according to which “man-made climate
change reached about 1°Celsius compared to pre-industrial time, currently ris-
ing 0.2°C in a decade” (Koistinen 2018; IPCC 2018). According to the same
report “if current speed of rising temperatures continues, the world would ex-
perience 1.5 Celsius of warming due to human action around 2040”. In Fin-
land the Finnish meteorological institute has stated that climate change would
increase the strength of storms, increases flooding around large lakes, turn
winters darker and makes extreme weather events more common alongside
rising temperatures. It is clear, that in order to restrain the climate change and
stop it, more actions must be taken and at the same time adjust there is a

need adjust to the changes it brings.

The goal of this thesis is to investigate one option that follows the principals of
sustainable development from the energy production point of view and use.
Air conditioning consumes already a significant portion of energy use in tropi-
cal climates. If climate changes as predicted, demand for cooling will increase
greatly in the future in colder climates too, such as in Finland. Renewable en-
ergy, such as solar, wind and biomass, could provide relief in heat and com-
pensate the problems of increasing demand and advance sustainable energy
usage. Because the various options are not created equal, researching these
possibilities beforehand will help to avoid many problems during their commis-

sioning.

To achieve this goal, literature research, research analysis and calculations
are utilized to find the benefits and disadvantages and their status in terms of
use and feasibility. The results are presented through a mathematic example,
one existing application and a table of properties of different refrigeration tech-
nologies and renewable energy forms. This work won’t cover cryogenics that
refers to applications under -150 degrees Celsius, as that technology is out-
side the expertise of an energy engineer and requires arrangements more fit-
ting to laboratory conditions and specific industries. It's also not used for cool-

ing buildings, so going into its details would be redundant.



2 COOLING TECHNIQUES

In buildings cooling is meant to keep the temperature of spaces as low as is
needed for its purpose. This temperature can be anything from the normal
room temperature (21 degrees Celsius) to -40 degrees Celsius in rapid freez-
ing of food products (Helsingin kaupunki 2015). In order to benefit as much as
possible, the used system must be suitable for its purpose. This creates de-
mands that depends on the goal. Some of these, such as efficiency, are com-
mon to all systems. However, many systems have special requirements that
need their own answers. In hospitals the cooling must be absolutely reliable.
The local price of biofuels affects what system is chosen. Some systems can
be fitted to old buildings, others can’t be. The size of the space alone can

make some systems suitable while making others too small.

Cooling makes only a limited fraction of Finland’s overall energy consumption
as annual average temperatures remain under 10 degrees Celsius. Finnish
meteorological institute states that based on annual statistics Helsinki's aver-
age temperature has been below 6 degrees Celsius between 1981-2010. This
is lower than the temperatures where air conditioning is normally being used.
(Imatieteen laitos 2018.) One way to put this into context is the definition Sta-
tistics Finland uses: “Electricity consumed by heat pumps, both in cooling and
heating usage, is included in electricity used in heating in this evaluation”.
Based on this cooling’s role in Finland’s energy consumption is, at least cur-
rently, too small to be separated in statistics. However, one shouldn’t build
their plans on these statistics due to climate change. (Suomen virallinen tilasto
(SVT) S.a)

Commercially refrigeration has a significant role though, as many businesses
need refrigeration technology to operate:
e Ice hockey is in Canada 11.2 billion Canadian dollar trade (Scotia Bank
2015).
e Four largest NHL teams are valued over one billion USD, while the
whole league is valued over 19.5 billion USD (Forbes 2018).
e 15 best-selling ice cream brands combined sales exceeded 14 billion
USD in 2015 and each of them expected their sales to increase in 2016
(Forbes 2016).



Renewable energy is also economically a major business activity which in this

context only highlights what renewables can do for cooling:

e Turnover has risen over 800 million and added value has come up over
300 million between 2010 and 2016 in renewable energy sector (Minis-
try of Economic Affairs and Employment of Finland 2017).

e Usage of renewable energy has quickly risen after the turn of the mil-
lennium, 16.8% on average in 2006-2016 (BP 2018).

In order to accomplish cooling with renewable energy, the first step is to spec-
ify what is currently happening in Finland’s renewable energy sector. Statistics
Finland has calculated that 34%, or one third, of total energy consumption was
covered using renewables in 2016 (ENERGY IN FINLAND 2017). This covers
around 38.7% of Finland’s gross final consumption which fulfils Finland’s EY-
goals (Energia 2017 -taulukkopalvelu 2018). As these numbers continue to go
up, finding and developing more applications for renewables is a good option
next. This and the climate change itself make great arguments for using cool-
ing with renewable energy, especially if its demand keeps only increasing. If
S0, a classification is needed to specify where renewables are used.

In the textbook “Kylmatekniikka” refrigeration technology has been defined for
this purpose: “Refrigeration technology which is also called cryogenics, is an
area of technologies in order to maintain object(s) at a lower temperature
compared to its environment.” (Aittomaki et al. 1993, 1.) Based on this defini-
tion refrigerators, freezers and air conditioners belong under this category.
This coincides with the thesis goals, making it a suitable classification for this
thesis. Cryogenics which refers to applications kept in temperatures below -
150 Celsius, belongs to this definition, but it is left outside of this work. This is
because temperatures this low aren’t used anywhere else than in laboratory
conditions and in certain industrial processes. Cooling of household appli-

ances is also left out, as most home electronics.



2.1 Compressor refrigerator

The most common cooling system is a compressor-based refrigerator, freezer
or air conditioning device. It is based on refrigerant gas that absorbs and re-
leases heat in a repeating cycle the gas goes through. The picture 1 shows a
diagram that describes refrigerant gases changes in pressure and enthalpy
during its cycle. These changes in different parts of the cycle are what create
the cooling effect. Horizontal axis refers to refrigerants enthalpy and vertical

axis refers to pressure.

Superheated

Pressure

VADOUT Tegion

Enthalpy

Picture 1. Refrigerants pressure-enthalpy changes in a compression system. (Setiyo et al.
2017)

1. In the evaporator the refrigerant turns to gas in low pressure, absorbing
heat from the environment (Picture 1, points 4-1).

2. The compressor presses the gas into the condenser in higher pressure
(Picture 1, points 1-2).

3. The refrigerant releases the heat into the environment under high pres-
sure (Picture 1, points 2-3).

4. The refrigerant loses pressure rapidly inside the expansion valve and
the cycle starts from the beginning (Picture 1, points 3-4). (Korhonen
2011, 9))

A common example is the refrigerator in the picture 2 which is also the most
common cooling device. The first number in the list above is the same as in

picture 2 to show how the parts of the system work with the refrigerant.
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Picture 2. Compressor based refrigerator (National Institute of Standards and Technology
2014)

This technology has been in use since 1834 when Jakob Perkins patented the
first compressor refrigerator. It made storing of food for longer periods of time
possible which in turn made diets more varying. (Breverton 2012.) During its
200-year history it has become a go-to solution which is usable in a myriad of
applications and uses. It is durable enough to stand decades of wear and tear,
has a reasonable price, can be run anywhere electricity is available and in a

wide temperature range.

Compressor systems do have their weaknesses, though. It depends on the
electricity that rotates the compressor. Electricity is also the only form of the
energy this system is able to use, so excess heat from other devices and from
the system itself is lost. Old weakness of using CFC compounds, a major
cause of ozone depletion, is no longer a problem. In 1985 the Vienna Conven-
tion for the Protection of the Ozone Layer and the following Montreal protocol
with its additions led to reductions in their use and subsequent reinforcement
of the ozone layer (Ymparistoministerio 2013). Currently the hot topic in re-
search and development is finding new refrigerants that have smaller green-

house effects. Some alternatives have been found, but there are obstacles in
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their way from patenting to fire hazards and technical limitations. (Rosenthal &
Lehren 2012)

2.2 Absorption refrigerator

An absorption refrigerator is a cooling device that produces cold using heat.
Unlike adsorption which is limited to surface level, the absorption happens in
the whole volume of the chemical (Jasuja et al. 2019). Invented in 1922, differ-
ent versions of this device use heat as their source of power. For this reason,
it is suitable where excess heat is available, or some process creates heat as
a by-product (Kuningas 2016). Unlike mechanical energy requiring compres-
sor refrigerators, absorption systems are based on chemistry and heat. The
basic principle is to use the heat in the area that must be cooled to evaporate
refrigerant in low pressure which is then absorbed into the other chemical and
transfers the heat away. For this system to work, both chemicals must be able
to absorb and separate from each other and the refrigerant must be able to

take in heat during evaporation in low pressure.

Ammonia/water-based systems can produce temperatures below zero de-
grees Celsius, but ammonia is harmful which limits its applications. A combi-
nation of lithium bromide and water is much safer but can only produce tem-
peratures of five degrees Celsius. This is equal to a normal refrigerator but it is
insufficient for freezers -18 degrees Celsius (Nain tarkastat... 2015). Both sys-
tems follow the same operating principle. Other combinations have been
tested, but their performance is weaker than the above mentioned. (Koljonen
& Sipila 1998.) The structure of the absorption system is shown in picture 3,

showing also how it works.

The absorption refrigerator is filled with water, ammonia and hydrogen in a
pressure where ammonia condenses in room temperature. Placed under
boiler A or in pocket B, a heater warms up a liquid which bubbles with ammo-
nia. These bubbles lift the weak solution with themselves to a siphon pump C.
The weak solution flows to pipe D, while gaseous ammonia rises into the pipe
E and its water separator. Water condenses in the water separator and flows
back to the boiler, with dry ammonia gas continuing to the condenser, where it

cools, cools down to liquid and flows to the evaporator. Hydrogen flows to the
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evaporator which lowers the pressure enough for ammonia to evaporate, tak-
ing heat from the environment. This environment is the space that is meant to
be cooled. The mixture of water and ammonia travels from the evaporator to
the absorber. The weak solution flows to the absorber’s upper part from the
pipe D and absorbs ammonia from the mixture. Released hydrogen flows
back to the evaporator and strong solution transfers the absorber to boiler A.

This closes the loop and the cycle repeats.

Do —t—— Waker

T Separator
adendir
Y E

Gax
Temperature

Exchanger

Absorber

Abzorber
YWeozel

Liguid Temperature
Exchamger

Continnouz-cycle Abzorbtion Spstem

Picture 3. Absorption refrigerator’s structure (Carnagie Mellon School of Computer Science
s.a)

The greatest weakness of an absorption system is its low coefficient of perfor-
mance, a measure of how much cold or heat is produced for each unit of en-
ergy. In absorption systems this value is below one, meaning that one kilo-
watt-hour of energy produces less than one kilowatt-hours worth of cooling.
It's also unable to operate outside its temperature range which depends on

used chemicals. (Crepinsek et al. 2009.)

2.3 Peltier element

The Peltier element gained its name from Jean Charles Athanase Peltier, a
French physicist who described the effect the system is based on, in 1834
(Encyclopeedia Britannica 2018a). Peltier effect works like presented in the

picture 4: a direct current is fed into a unit which has two different types of
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semiconductors. Depending on the type of semiconductors and direction of
the current, heat is transferred from one side to another, cooling one side at
the expense of heating the other. This transfer can be inverted by changing
the direction of the electric current, with power depending on the strength of

the electric current. (Brown et al. 2010.)

HEAT ABSORBED
(COLD SIDE)

TCold

Ceramic Substrate _ Condudtor Tabe

P-Type
Semiconductor
Pellets

N-Type
Semiconductor
Pellets

Negative (-)

Picture 4. Peltier element’s structure (Adcol Electronics (Guangzhou) Co 2019)

Benefits of the Peltier element are the lack of moving parts and smaller size
compared to previous methods. The element is also quiet compared to com-
pressors and doesn’t employ harmful chemicals, eliminating the risks of leaks.
Because of these reasons it is popular in travel fridges, where these benefits
turn to requirements. It can also be wielded in heating for even better effect
due to its own energy losses. It can also be made to follow the shapes of the

cooled object to optimize the use of space.

Its greatest weakness is low power which greatly limits its use in large or very
cold applications. It also has a high price tag which further limits its uses to
special applications, where compressors and absorption are impractical. As
such it is rarely utilized in real estate, individual home electronics not included.
(Tellurex 2010.) Main goals in R&D are to improve the coefficient of perfor-

mance and efficiency with new materials and thin film technology, but nothing
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revolutionary can be expected without completely new knowledge about ther-
moelectric phenomena (RTI International S.a).

3 ELECTRIC COOLING

Renewable energy refers to energy sources that aren’t based on the use of
fossil fuels. These include solar, biomass, geothermal energy, tides, waves,
wind and hydro power. The biomass part of recycled fuels is also included un-
der this category, under biomass. (Uusiutuva energia 2018.) As the most cool-
ing works either with electricity or heat, it is logical to handle the suitability of

renewable energy for refrigeration using this division.

Cooling is easy to achieve with electricity. Renewable sources are employed
to produce electricity which powers a cooler. This makes it possible to use re-
newable energy in everything that needs power alongside cooling. If there is
no demand, electricity can be stored into batteries or sold, increasing the ben-
efits of the system. The biggest weakness is the need for reliable electric grid,
as blackouts affect the system immediately. Other weakness is the inability to
use low temperature heat energy which can be gained from multiple sources,
system itself included.

3.1 Photovoltaic cooling

Photovoltaics means producing power from solar radiation using solar cells
(Komp R 2016). This happens due to the photovoltaic phenomenon, described
by Albert Einstein. This gave him the Nobel prize in physics in 1921. (Ency-
clopaedia Britannica 2018b.) Most photovoltaic panels based on this phenom-
enon are made from silicon dosed with boron and phosphorus. (AZoOptics
2008.) When this kind of a cell (picture 5) is under sunlight, photons separate
from atoms. These electrons travel to the cells negative n-side, through the
circuit, and to the cell’s positive p-side. This cycle continues if photons hit the
cell. A second less common method utilizes solar energy by a concentrating
mirror and a sterling engine -operated generator. A system like this has the ef-
ficiency of a good solar panel, but as a significantly more expensive and me-

chanically more demanding it hasn’t become popular (Savolainen S.a.).
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Picture 5. Solar panel’s operation (MrSolar.com S.a)

Photovoltaics operated cooling doesn’t differ from the classical use of solar
panels as technology is the same. The largest differences are in momentary
power demand, caused by the start-ups of electric motors and longer time pe-
riods at peak power in high temperatures. These can be covered with large
enough power output and storing capacity, such as a large number of panels
or batteries. Refrigeration can also be adjusted and timed, like by bringing the
temperature lower during daytime and letting it rise during the night when en-

ergy is not available.

The system is simple and can be connected to an existing electric system rel-
atively quickly, if there is no need for large changes, for example for replacing
all the cables or electrical cabinet (Beaudet 2018). It can be used both as a
main source of electricity and an alternative for commercial power. It is also
possible to apply it as backup power if investments are made to improve relia-
bility and self-reliance. In this regard it is beneficial that solar panels are very
durable, most panels can reach 25 years of age when 80% of the original
power output is used as a measure. (Maehlum 2012). The final positive aspect
is that electricity has more possible applications if cooling is not required.
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Photovoltaics Achilles' heel is its availability only during the daytime. Demand
for cooling is lower at night, but uninterrupted supply requires a large battery
capacity and power to charge it alongside daytime refrigeration. Long gaps or
insufficient charging power can and will interrupt it if batteries run out. Batter-
ies also suffer from shortened lifetimes in constant use, as charge and dis-
charge cycles take place continuously, and large portions of their capacity are
depleted (Power-Thru 2016).

3.2 Wind and wave cooling

Wind power comes from the kinetic energy of wind. This source of energy has
been used hundreds of years for pumping water to milling grains and from the
1990s onward more and more in electric production. (Pimia et al. 2014, 10.)
Despite of different turbine types and technologies, the principle is always the
same: A rotor is moved by the wind and it transforms wind’s kinetic energy to
mechanical energy. Like in the modern turbines of the picture 6, this mechani-
cal energy turns a generator which produces electricity. Some of the ad-
vantages include around the clock production, higher power output than pho-
tovoltaics and smaller emissions compared to manufacturing of solar cells
(Redlitz 2016). In many applications it is best to combine wind with solar en-

ergy, especially in smaller ones.

Picture 6. Current industry-standard wind turbine (Monconduit 2018)
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One of the challenges wind turbine encounters is the turbulence which reduce
the power. From this reason, turbines are placed somewhere where air cur-
rents aren’t affected by it. These places should also be as high as possible to
reduce the turbulence even further and improve power due to faster winds. If
placed on top of buildings, resonations caused by the turbine must be consid-
ered, as buildings can amplify these. (Boxwell 2017.) For now, wind is not suit-
able for cooling in a significant scale. The most common method is a wind-
catcher like in the picture 7, meant to guide winds into buildings to create a
chilling breeze. When combined with evaporation of water, this old architec-
tural solution is still useful when heat pumps aren’t practical for one reason or
another. (Roaf 2005.) It could also support other methods, for example im-

proving the air flow around heat pumps condensers.

PREVAILING WIND
> - il AIR DRAWN QUT
WINDCATCHER A ON LEEWARD SIDE
l—-’ F MALQAF

i

AlR DRAWN DO
INMTO INTERIOR OF HOUSE

DUST GEROSITED

Picture 7. Wind catcher’s basis (Fellanamedlime 2010)

Wave power could be regarded as a subcategory of wind energy, because it
changes movement of air to movement of water. The idea is to collect and ex-
ploit the kinetic energy stored in waves to produce electricity. This is a rather
new form of renewable energy and for that reason it is still under develop-
ment. One of the possible systems is the one in the picture 8 which floats on

water and uses hydraulic cylinders to rotate a generator and produce (Green-
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peace UK 2008). The potential of this form of energy is estimated to be signifi-
cant: In the USA alone 66% of consumed electricity could be made using only
the waves within its own shores (U.S. Energy Information Administration
2018). Like wind, it can’t be utilized directly to cool and is limited to shores
with predictable and strong winds to be a practical form of energy. There are
also technical issues that slow down development, like the amount of stress a
system experiences during storms. (Letcher 2014.)

Picture 8. Pelamis P2 wave power system (Pelamis Wave Power 2011.)

3.3 Hydro and tidal cooling

One of the oldest energy sources alongside wind, hydropower gains its force
from movement of water. Rotating either a waterwheel or water turbine, wa-
ters’ kinetic energy is turned to electricity. The largest uses are in power gen-
eration where it acts as an adjusting power and covers peak demand (Ener-
giateollisuus 2018). Its significance is expected to increase as other sources
of renewable energy grow, due to hydropower being now the only economi-
cally viable way of storing energy in a large scale thanks to pump power
plants. (KEMA Consulting Gmbh 2015).

Hydropower doesn’t create carbon dioxide emissions and is very reliable. Only
long rainless seasons can affect the flow of rivers and therefore reduce power.
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As an investment, hydropower is an expensive one but this is counteracted by
being also one of the most enduring. Finland’s oldest hydropower plant,
Vanhakaupunki hydropower plant in Helsinki, was built in 1876 and is still in
use. (Helen Oy 2017). Hydropower can produce plenty of energy if the
flowrate or height of the fall is substantial. In China, the Three gorges dam for
example can produce 8300 megawatts of power, due to its 110-meter fall and
around 10000 cubic meter flow (Makeldainen 2016).

Hydropower is however very restricted by geography, as the number of suita-
ble placements is limited. Most rivers and rapids in Finland are already used
for generation of power and the remaining ones are either too small for invest-
ments or protected under nature conservation laws. Existing plants can’t be
upgraded to higher power output using current technology. (Energiateollisuus
S.a.) Globally hydropower has some unused potential, if western countries are
ignored, but there is no agreement on how much potential there is. Some of
this potential is also difficult or unsustainable to build or operate due to eco-
nomical or technical challenges. Environmental, social, politics and economy
also put restrictions on what potential can be even considered. (World Energy
Council 2010).

Tide based power is gained from Moon’s gravity. This form of hydropower is
further in development than wave power (Cunningham 2014) but is new if
wind or biomass are used as measures (Rutledge et al. 2011). Production es-
timates are high, but only in shores that fill specific conditions, limiting is avail-
ability. According to NASA (Picture 9), many shorelines are insufficient for tidal
power, so it won’t play a large part on global energy production. Tides are also
on their own schedule, so if production and consumption don’t match, a large
amount adjusting and storing capacity is needed (Student Energy 2015). Solv-
ing these issues is slow as research doesn’t receive enough funding for devel-
opment and testing. This is caused by environmental concerns and legal
guestions regarding ownership of underwater land. The economic risks are
too high for substantial sums. (Rutledge et al. 2011.) For these reasons tidal
power won't become a significant energy source for years. An unfortunate out-
come, as its advantages and disadvantages are comparable to traditional hy-

dropower.
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Picture 9. Change of tides in centimetres, darker areas better (NASA 2019)

3.4 Electric biomass cooling

Production of electricity or heat using biomass in electric or CHP power plants
which use following fuels:
e biomass grown as a fuel, such as reed canary grass and palm oil
¢ industrial and agricultural residues, such as sawdust and surplus dough
in bakeries
o fuel generated from industrial, agricultural and residential bio waste, for
example landfill gas
e wood-based fuels for forest industry processes. (Bioenergianeuvoja
2018; Bioenergian kaytto 2018.)

Processes are the same as any normal coal, oil, or natural gas burning power
plant uses to create electricity. Biggest differences are in the insertion of fuel
and emission control, due to chemistry and varying forms of the fuel from
landfill gas to wood chips. Biomass is the most common source of energy for
forest industries as sulphate pulp mills consume nearly half of the wood mass
they receive as energy. This is the reason why biomass is a significant form of
energy in Finland, because around 80% of all biomass energy is generated in

forest industries. (Suomi on bioenergian suurvalta 2007.)
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Using biomass for electricity and further for refrigeration is easily predictable
compared to solar and wind energy, as their production doesn’t not depend on
weather. Energy can also be stored for periods of time that only depend on
the demand and size of the storage. Some processes offer plenty of fuels as a
side product, like pellets created from sawmills which helps the overall econ-
omy of these processes. A wide selection of fuels ensures the availability of
energy and boilers capable of using many fuels can choose the cheapest fuel
in each situation, reducing costs. In terms of climate politics biomass is con-
sidered for now as a zero-sum game, as biomass takes carbon dioxide from
the atmosphere during growth. In Finland biofuels also have governmental

support due to their significant effect on employment and tax revenue.

Some weaknesses biomasses have is the dependence on efficient logistics.
As the price of transportation rises, so will the price of biomass, even if it was
originally free. Biomass also has a lower energy density than fossil fuels, re-
ducing the effectiveness of transporting (Suopajarvi 2013). After certain dis-
tance there is no more point of buying biomass, making biomass a very local
source of energy. Since transferring electricity is easy by wires and cables,
this is not a deal breaker, but energy is lost anyway. For reasons of cost-effec-
tiveness the biomass needs to have a lower cost than fossil fuels due to in-
creased need of maintenance and technical challenges. The need for these
heavy investments prevents individuals from producing power for domestic
purposes. As such only established power companies have a shot to produce

electricity from biomass with economic success.

4 HEAT BASED COOLING

Methods where refrigeration happens with heat operate mostly using an ab-
sorption system. Heat energy is used directly for cooling without intermediate

phases which improves overall efficiency over electric based methods.

4.1 Solar heat-based cooling

Solar collectors refer in this work to systems that collect, store and utilize the
Sun’s heat including passive methods. In solar collectors the heat from the
Sun warms water or water/glycol-mixture circulating in the system by a pump

or passively due to heat expansion. The heated liquid is then directed into a
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tank for later use, or a coil that heats the water being used. A collector like this
or in the picture 10 can be connected to other heating solutions by changing

the boiler to any other method of heating.

( solar collector

<[ Cold water feed |

Picture 10. Solar heating method (Science ABC 2016)

In many commercial solar power plants, such as in the picture 11, solar radia-
tion is concentrated to one spot by mirrors, rising the temperature to hundreds
of degrees depending on the total surface area of the mirrors. In this spot a
boiler, a heat exchanger or a pipe transfers the heat to a liquid, water in most
cases. This heat energy is turned to usable energy with the same technique
as in an everyday coal plant or used as-is heat. Some variations produce ex-
tra heat for storage and later night-time consumption. A plant like this operates

around the clock improving availability of energy and cost effectiveness.
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Picture 11. Concentrating solar power plant (Bureau of land management 2015.)

The heat energy gained by solar collectors can’t be used directly to cool any-
thing but can power an absorption cooler or electric production in concentrat-
ing solar power (CSP). However, systems like these are complicated and
therefore employed rarely. With photovoltaics the system consists of just a
heat pump and photovoltaics themselves, while solar collectors need three
separate flows, possible backup, multiple pumps and a cold sink. It does have
the benefit of being suitable for creating a baseline for cooling and the possi-

bility of making even half of the refrigeration required. (Eicker 2012.)

A second method is a solar chimney, one of which shown in the picture 12.
This architectural solution is powered by a chimney heated by the Sun and
where warm air rises, cooler air inside the building flows to replace it and
therefore creates a chilling breeze (Hanania et al. 2017). If the temperature of
the outside air is high, the airflow must be significant to provide any cooling.
To reach this the chimney must be sufficient in size. (Szikra S.a.) The result-
ing breeze can interfere the comfort of the building and prevents its utilization
in buildings that demand strict control of airflows. For instance, in operating
rooms the solar chimney can’t be used as air must be replaced up to twenty
times every hour. Coupled with quality requirements for moisture and clean-
ness air condition becomes the most practical method. (Roy & Stevens 2018.)

Solar chimneys are efficient utilization of energy though, as their power comes
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from the Sun without machinery and power is proportional to how much heat
the Sun gives.

95° F

Picture 12. Operation of solar chimney, temperatures 95°F=35°C and 55°F=13°C (Hanania et
al. 2017)

4.2 Free cooling

The idea behind free cooling is to use the colder air or water outside the build-
ing directly for refrigeration as shown in the picture 13. Unlike traditional heat
pump-based air conditioning, free cooling doesn’t need energy to actively
transfer heat out of the building instead of letting it flow naturally on its own to
cooler medium. Energy is only required to operate pumps or fans that move
air or coolant through the system. This principle remains the same regardless
of size or power and can be used anytime when cooled object is in a higher
temperature than it is meant to be with a heatsink being below 10 degrees
Celsius. (Toivanen 2010.)
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Picture 13. Idea of free cooling (kylmé=cold, lammin=hot, meri=sea, vesi=water, lammon-
vaihdin=heat exchanger, kaukojaahdytys asiakas=district cooling client)

Datacenters are a prominent example of using free cooling. As servers con-
sume a lot of energy, they also create large amounts of waste heat. Mechani-
cal refrigeration is possible but would rise the energy consumption to unsus-
tainable levels in terms of economy. Using outside air directly is not possible,
as despite of their weight and size, servers are delicate devices that can’t be
placed under the effects of the environment. Free cooling allows heat removal
without endangering the center to the elements. The amount of waste heat
makes datacenters often a significant producer of heat which can be used by
connecting the center to a district heating network to reuse the energy. (Sel-
vitys IT-ympaériston... 2010.)

Free cooling is simple to build and therefore easy to apply alongside other
methods of refrigeration as a main system or an auxiliary one. Reasons be-
hind the use of free cooling are related to the low cost of operation which
makes it common in commercial applications like in industries. The size of ap-
plications can be anything from individual buildings to entire cities. It is also
friendly to the environment as there is little need for chemicals and the risk of
leaks is small. (Marjala 2015.)
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A major downside is the requirement of significant difference between temper-
atures of the environment and the cooled object. This difference is at its small-
est when the demand is at its peak. During the cold season the potential is at
its peak, but demand is low. Free cooling also becomes very inefficient when
outside temperatures go above ten degrees Celsius. As such it is suitable for
refrigeration in Finland, as annual average temperatures remain below six de-
grees Celsius (Iimatieteen laitos 2018). The continuing climate change can

however make this advantage smaller than expected.

4.3 Geothermal energy and heating for cooling

This is the use of the grounds heat which is either created by geologic phe-
nomenon or is stored heat from the Sun. In most real estate’s it is based on a
heat pump, collecting heat from grounds by a compressor system. (Wahlres
Oy S.a.) In electric power generation it is utilized with power plant processes
that exploit the heat of hot springs to rotate a turbine, either by steam or by a
working gas (Renewable energy world S.a.). The use of geothermal energy by
building underground won’t be researched in this work, as it belongs under

low energy building and construction.

In areas where geothermal energy is plentiful, it can produce large sections of
the energy need. In Iceland geothermal energy covers over 90% of heating of
buildings and one fourth of consumed electricity (Promote Island 2014). The
reliability and availability of geothermal energy help in these as they don’t de-
pend on weather patterns, only on the depth the energy is gained from and
technology that is used. The systems themselves are durable and reliable,
needing less maintenance. Also, it is also good in terms of energy efficiency

and utilization of space (GreenMatch 2014.)

Unfortunately, this renewable energy can only be used in volcanic areas which
of most are placed around the Pacific Ocean, where geothermal energy is
closer to surface. Iceland is a rare exception to this rule. (Luhr 2003.) In other
parts of the world, like in Finland, use of this energy source requires drilling
many kilometres underground, because temperatures are too low near the
surface. Regardless of depth this causes an earthquake risk which turned to

reality in Basel, Switzerland, causing around seven million Switzerland francs
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(6.3 million euros) worth of damages and slowed down similar projects else-
where (Geosto Oy S.a.; Valuuttalaskuri.org 2019). It is neither an emission-
free source of energy, as small amounts of methane and ammonia can rise
from the drilled holes, both classified as greenhouse gases. It also can’t be
harvested indefinitely from the same spot, as the cooling bedrock reduces pro-
duction and at worst turns the area useless for later production. Other issues
include the high cost of investment and limitations on land usage, like how
close to other plants and underground infrastructure geothermal energy can
be build. (GreenMatch 2014.)

Geothermal heating that uses significantly lower temperature heat stored in
the surface level ground and bodies of water is a lot easier to utilize around
the globe. It can be also employed in cooling by pumping heat into the well,
where it can be pumped up later. In this case geothermal heating works as a
storage, with the size being limited only by the properties of the bedrock or

ground instead of volume. (Arola 2018)

4.4 Thermal biomass cooling

Production of electricity or heat using biomass in condensing and CHP power
plants which uses one of the following fuels:
e biomass that’'s grown as a fuel, such as reed canary grass and palm
oil
e industrial and agricultural residues, as in sawdust and surplus
dough in bakeries
o fuel generated from industrial, agricultural and residential bio waste,
for example landfill gas
e wood-based fuels for forest industry processes. (Bioenergianeuvoja
2018; Bioenergian kayttd 2018.)

Process is identical to burning coal, oil or natural gas in a normal power plant.
Biggest differences can be found in fuel insertion and control of emissions due
to chemistry, and whether the fuel is gas, chips or other form. The most com-

mon method is to burn biomass in a boiler that provides heat to an absorption

refrigerator which is the main source of cooling.
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The large selection of fuels is positive for this method, as fuel can be anything
from energy wood, old flour or bio waste, if the biomass is suitable for the pro-
cess. The ease of storing the fuel is another positive thing, as it helps to even
out the difference between production and demand, both in short and long
term. If needed, heat can be stored in a way that is easier and less costly in a
large scale that storing electricity. In case of flora there is also the benefit of
carbon cycle shown in the picture 14, where carbon released during burning
gets bound to biomass. This is often the main argument behind the idea
where biomass and especially wood are treated like they don’t produce car-

bon dioxide. (Biomassavoimala 2017.) Heat based cooling doesn’t have to

trolled burning is enough.

worry about requirements like electricity has to, clean and temperature-con-
| Trees take up CO,
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Picture 14. Carbon cycle, the argument for zero emissions (Biomassavoimala 2017)

Although biomass is wielded a lot to make electricity, heat and process steam,
in refrigeration it is used mostly in Europe’s large-scale district cooling net-
works, as small systems suitable for domestic applications don’t exist on the
market (Sulzbacher & Rathbauer 2011). This is in line with Agricultural Utiliza-
tion Research Institutes analysis in chapter 5.2. (AURI 2016). Unlike fossil
fuels, biomass has a time limit in storage, after which its quality drops due to
biological decomposition (Suopajarvi 2013). Burning the biomass also creates
large amounts of heat which usefulness depends on its temperature. Usually

this temperature is too low to be used for anything else than heating buildings
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and water. If this heat isn’'t needed, it must be removed from the system any-
way to ensure processes can continue. This leads to losing energy into the air

or bodies of water.

5 COOLING APPLICATIONS WITH RENEWABLES

Although renewable energy has the capability to slow down climate change
and replace fossil fuels. From a business perspective being environmentally
friendly alone won't suffice as a reason for sometimes very high costs of in-
vestment. If an investment doesn’t bring any profits, cost reductions, lower
risks or bring more customers that investment is pointless from the business
point of view. A reputation as a company that takes environmental concerns
seriously won’t help in bankruptcy. An investment without supportive exam-

ples or numbers to show is even worse.

From this reason, there is a need to provide examples that show renewable
energy’s potential in cooling and the economic benefits it gives. The example
about logistics centre demonstrates how a single building can benefit from the
use of renewable energy as a way of reducing financial risks and as a state-
ment of the company’s responsibility to the environment. Pinecrest shows the
economic gains which renewables can give compared to fossil energy

sources.

5.1 Logistics centre of S Group

Because power doesn’t differ based on its source, it makes sense to treat
photovoltaics as a replacement for grid electricity and compare them in cool-
ing. Inex Partners logistics centre in Sipoo which was completed in the fall of
last year, is used in this example. S Group’s annual report from 2017 states
that the centre “sucked 28740 megawatt hours of electricity”. Around 60% of
this, 17244 MWh, came from renewables mainly in a form wind energy. Using
these values, it is possible to calculate what would happen, if all the energy

the sun radiates on the centres whole roof area is used for refrigeration.

The following numbers are used as default values:

e Solar constant is 1000 W/m?Z.
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e The centres whole roof area (144000 m?) is available.

e The available radiation energy is 900 kWh/m? per year.

e The centres certified output powers, 11.1 MW for refrigerator section

and 3.3 MW for freezer, are maximum power outputs.

e Weather conditions are assumed to be good for solar energy produc-
tion. (Peralad 2017; Manninen 2017; Virtanen 2013.)

Table 1. Photovoltaic system technical data (Amerisolar 2016; SolarXon 2012; Astronergy

2017.)
SolarXon Amerisolar Astronergy
ES-140P AS-6P30 STAVE 2
Electricity con- 28 740 MWh
sumption
Renewables part 60 % %
of electricity
Renewable energy 17244 MWh
before installation
Emission factor 164 Kg/MWh
Emissions before 1885344 Kg/a
Panel length 1486 1640 1648 mm
Panel width 676 992 990 mm
Peak power (STC) | 140 275 290 wW
Module efficiency | 13.9% 16.9% 17.8% %
Module surface 1.005 1.627 1.632 m2
area
Panels for area 143350 88513 88261 Pcs.
Power 20 24 26 MW
Energy 18014 21902 23069 MWh
Renewable energy | 35258 39146 40313 MWh
after installation
Excess electricity | 6518 10406 11573 MWh
Consumption cov- | 139 169 178 %
erage
After transformer 105 127 133 %

(75% efficiency)
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Emission reduc- 1069018 1706650 1897939 Kg/a
tions elsewhere

Emission reduc- 2954362 3591994 3783283 Kg/a
tions total

When built with these panels, the photovoltaic system could provide all the
cooling the centre needs around one and a half times (1.39-1.78), enough to
cover losses in the transformer and the cables. Calculated values for annual
energy production are enough to cover the centre’s whole electricity consump-
tion and even leaves extra. If this energy is used elsewhere, like in a retail
store, the carbon footprint can shrink nearly 1900 tons per year there. The to-
tal savings on emissions can be up to 3800 tons per year assuming that en-
ergy isn’t stored for later use in the centre (CO2-paastokertoimet 2019).

The connection between the efficiency and surface area was calculated out of
curiosity. In this calculation the hypothesis was that with better efficiency the
smallest SolarXons panel can produce as much energy and power as the
larger Astronergys panel. Because the Sun’s power output won’t change, it
should be the only thing with any effect on gained power and energy. In the ta-
ble 2 the calculations are the same as in table 1, but SolarXons panels effi-

ciency has been changed to equal Astronergys panel.

The numbers were checked using the European commission funded Photovol-
taic Geographical Information System. The peak power was set to 20 MW,
losses at 14% and panel orientation was given to program to optimize. The re-
sults shown in both tables are near the values the program calculated, so the
results are realistic and usable for evaluating the benefits and the effect of effi-

ciency. (Photovoltaic geographical information system 2019.)

Table 2. Effect of panel efficiency. (SolarXon 2012; Astronergy 2017.)
SolarXon Upgraded

ES-140P SolarXon

Electricity consumption 28740 MWh
Renewable part of electricity 60% %
Renewable electricity before instal- 17244 MWh

lation
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Emission factor 164 Kg/MWh
Emissions before 1885344 Kg/a
Length 1486 mm
Width 676 mm
Peak power (STC) 140 178 W
Module efficiency 13.9% 17.8% %
Module surface area 1.005 m?2
Panels for area 143 350 Pcs.
Power 20 26 MW
Energy 18014 23069 MWh
Renewable energy after installation | 35258 40313 MWh
Excess electricity 6518 11573 MWh
Consumption coverage 139 177 %
After transformer (75% efficiency) | 105 133 %
Emission reduction elsewhere 1069018 1897939 Kg/a
Emission reduction total 2954362 3783283 Kg/a

These calculations show that better efficiency is the main reason why Astron-
ergys panels creates more power and energy, resulting a greater gain than
the number of panels, size or power can provide. Therefore, the hypothesis is
correct. This is possible because it affects both power and produced energy
per area, while the size only affects the area of collection. Power is dependent
on size and efficiency, the number of panels is limited only by available space
and how much funding is available. That is why it’s better to invest on panels

with higher efficiency than with size or power (Aggarwal 2019).

Logistics centre is also a major user of geothermal heat, gaining 20% of all en-
ergy needed from it. If the number sounds small, it is due to the sheer space
of the building, equivalent of over 30 Finnish Parliament buildings, and annual
energy demand of around 3000 detached houses. (S-ryhmén vuosi ja vastuul-
lisuus 2018.) This value is cut by the timeframe in 2017 when refrigerator and
freezer parts of the centre were under construction and the waste heat pro-
duced by these units is missing. The logistics centre is meant to utilize bed-
rock as energy storage for cooling in summer and heating in winter. (Logistiik-
kakeskuksen... 2010).
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5.2 Pinecrest Medical Care Facility

Located in Powers, Michigan, the Pinecrest Medical Care Facility specialises
in long term care, Alzheimer patients and rehabilitating therapy. The facility
participated in 2016 to a project run by Agricultural Utilization Research Insti-
tute (AURI) in which University of Minnesota, Center for Urban and Regional
Affairs (CURA) wrote a guide about using biomass for refrigeration. In the pic-
ture 15 the temperatures show that the location is a good analogy when re-
searching cooling in Finland with risen temperatures. Temperatures in Michi-
gan are on average higher than in Finland today except in wintertime when

they are similar.

| Jnsing, average temperature Helsinki, average temperature

e | ansing, highest temperature on average === Helsinki, highest temperature on average

e | ansing, lowest temperature on average === Helsinki, lowest temperature on average

Picture 15. Average temperatures in capitals of Finland and Michigan (Climate-zone.com
2019)

All information about Pinecrest Medical Care Facility is based on published
data of AURI (2016) and Cook (2015). This around 15800 square meter and
four building real estate has burned wood chips in its heating from 1984 on-
ward and updated the heating system in 2001 to make cooling possible with
the same fuel. The cooling system uses a lithium bromide-based absorption
machine that lowers the temperature of the circulating saltwater to 5.6 de-

grees Celsius. The necessary heat energy comes from a wood chip burning
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boiler. Waste heat is directed to a cooling tower where the heat is transferred
to outside air with the evaporating water. Natural gas is employed as a backup
fuel which is burned in two separate boilers. In addition, there exists a 10-kilo-
watt solar panel system that is left outside the analysis. The goal of the update
was to save on fuel due to lower costs of wood chips that were around a third
of natural gases per kilowatt hour at the time of the research.

In an economic sense this investment was a success: the system itself had a
cost of 152 400 USD with piping and installation costing 173 391 USD for a to-
tal of 325 890 USD. On the rate of 4.9.19 the system would have a cost of
around 135 200 €, piping and installation around 153 800 € and total sum of
nearly 289 000 € (Valuuttalaskuri.org 2019). This sum was covered with a
loan that was paid back in three to four years thanks to lower fuel costs. Fuel
is consumed at a rate of 2800 tons per year for an annual cost 120 000 USD.
This has become 10 000 USD cheaper a month than natural gas in 2014.
Some of the negatives include twice the need of maintenance compared to
natural gas or oil and a need for ash removal. Expenses of using biomass,
such as cost of chancing grates, repairs of hydraulic systems and masonry of
the boiler are not mentioned in the sources. This could indicate that these
costs have already been noted, meaning that the previous values are net sav-

ings.

5.3 Feasibility comparison

Based on the comparison of benefits and disadvantages, using renewables
both as a source of energy and a source of cooling are very similar. In the
case of solar energy, the lack of emissions is a positive in both energy produc-
tion and as a power source for refrigeration while biomass is an impractical
source for both uses in small applications. Properties like these are so many
that the information in the table 3 can be employed directly in the table 4 that
shows their utilization in refrigeration. Photovoltaics for example need batter-

ies for night time demand regardless of power use.

If renewables are only utilized in cooling, their properties must be considered.

This makes it possible to compensate disadvantages and maximize benefits



as much as possible, making the system beneficial both economically and en-

vironmentally. Considering the properties shown in the table 4 it is possible to

achieve the set goals in refrigeration using the same principles. These tables

also work as a demonstration why there is a need to collect information from

multiple sources and use all available information. These numbers gained as

an energy source aren’t enough when designing a cooling system.

Table 3. Benefits and disadvantages of renewables as energy sources

ergy

Energy Benefits Drawbacks

source

Photovol- | Available everywhere Available only during daytime

taics Quick to build Needs batteries for the night
No emissions Requires space

Wind Quick to build Power depends on wind

power No emissions Visually ugly and noisy

Wave- Great potential Slow development

power No emissions Expensive
Available everywhere Legal questions

Hydro- Reliable Significant impact on environment

power Economic adjusting Limited number of suitable sites
power Questions about water rights
Negligible emissions
Long term investment

Tidal Reliable Can’t be adjusted

power No emissions Limited number of suitable sites
Great potential Slow development

Expensive

Electric Wide selection of fuels Unsuitable to small applications

biomass | Local Large maintenance demand
Zero emissions Fuel logistics

Solar Available everywhere Unsuitable to small applications

heat Quick to build Large amounts of waste heat
No emissions Needs electricity and space

Geother- | Very reliable Expensive

mal en- Negligible emissions Risk of earthquakes
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Suitable for base produc- | Easy to acquire only in volcanic ar-
tion eas
Geother- | Very reliable Expensive
mal heat | No emissions Limitations in urban areas
Biomass | Wide selection of fuels Demand for maintenance
heat Local Fuel logistics
Zero emissions

In terms of emissions renewables are rather similar, greatest emissions are
made during manufacturing, decommissioning and transportation. Only a
small amount is created during operation. Largest differences are in their dis-
advantages that can change from visual drawbacks and noise to need of
transport and huge upfront costs. This is one explanation on why it is benefi-
cial to combine different renewables together. Photovoltaics can be used in
daytime only without batteries but combining them together with hydropower
energy becomes a lot more available in night time. This kind of covering of

weaknesses is important as cooling requires large amounts of energy.

If renewables are used only for refrigeration, benefits and disadvantages in
the table 4 are important. Many forms of renewables can’t be combined with
an absorption refrigerator as they are mostly suited for power production.
Electricity is too valuable to be consumed in absorption processes that create
less cooling compared to compressor systems. Many sources are also overkill
in price to be used only for refrigeration. Geothermal is suitable for covering
the baseload but it needs a large consumer in a hot location, such as a district

cooling network, to make any sense in investment costs.

The best way to implement cooling is to use at least two forms of renewables
that have different weaknesses for the most part. Wind power and wave
power both depend on wind, so they don'’t support each other. A hybrid of
wind and biomass is much better, as wind works as an emission-free main
source of power supported by biomass during a weak breeze. Even better re-
sults can be reached by combining three or more sources, if one works to

store and adjust power. In refrigeration this can be done via creating large
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storages of hot and cold-water tanks that can balance production and con-

sumption.

Table 4. Positives and negatives of renewables in cooling

Source Strengths Weaknesses
Photovol- | Electricity can be used else- | Low efficiency
taics where on demand Need of batteries and their
Can be placed on roofs maintenance
Inventers wear down
Wind Power density on area of Unsuitable with absorption
power ground Resonation problem in buildings
Can be placed on roofs Supply and demand may not
meet
Wave Can be fitted on shores of ur- | Unsuitable with absorption
power ban environments Depends on wind
Power density on area of
ground
Hydro- Reliable Unsuitable with absorption
power Easy to adjust Requires a running body of wa-
Mechanically simple ter
Expensive
Tidal Good for baseline cooling Unsuitable with absorption
power Lots of power on a small area | Limited number of suitable ar-
eas
Electric Selection of fuels Complex process
biomass | Easy to adjust Expensive
Solar Can be placed on roof Not suited to small applications
heat Affordable Large amount of waste heat
Easier to store than electricity | Requires power
Free Can be used in tandem with Heat is lost without reuse
cooling other methods
Geother- | Reliable The well can cool down in long
mal en- Cost-effective in a long run term use and difficulty of rising
ergy Very suitable for heating power output from designated
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Geother- | Independent from air temper- | Suited mostly for heat storage
mal heat | ature Requires power

Suitable for heating

Biomass | Easy to adjust Fuel must be affordable, or

heat Storing of fuel cooling is done with waste heat

As the table 5 shows, not all forms of renewables are on the same page in
terms of use. Solar, wind and geothermal energy don’t have much significance
in the energy sector as water and biomass have. This is because water and
biomass have much more history behind them than solar, wind power and ge-
othermal. They are however applied to refrigeration already, albeit indirectly
by powering heat pumps. Solar heat is employed locally to cool industrial pro-
cesses and real estates but not in the scale of district cooling grids. With bio-
mass it is more about the size as these systems are too large, complicated
and expensive for domestic applications. In commercial applications it is ra-
ther common. Wave power and tidal power are both still under development
and are therefore unlikely to become commercially available for years, maybe
decades. Hydropower can be used in cooling, but it is more efficient invest-

ment to utilize it in electricity production or for adjusting power.

Table 5. Use of renewables currently

Use in cooling

Photovoltaics | Through grid or to own use

Wind power | Through grid, to own use in island operation only

Wave power | Under development

Hydropower | Through grid, to own use in island operation only

Tidal power Under development

Electric bio- Large and medium applications through grid or district cool-

mass ing in CHP processes

Solar heat Through grid, limited domestic use

Free cooling | As part of an existing process or district cooling

Geothermal | Through grid or absorption locally

energy

Geothermal Mostly in a form of heat storage

heat
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Biomass heat | Through grid or district cooling, only large businesses utilize

for own use

6 SUMMARY

Using renewable energy for cooling is possible and economically viable op-
tion, as existing examples can demonstrate. Various methods are advanced
and usable in challenging situations, where either environment or operation
sets special terms. Solar, wind, hydro and biomass have achieved a point
where they are financially viable options without the need of monetary back-
ing. Control systems and automation are at a level where hybrid systems are
practical and can bring more benefits to their users than each individual sys-
tem. Foundations for sustainable solutions are provided already on the draw-
ing board with material selections, details that improve efficiency and modular

systems that can be easily upgraded as technology advances.

So far, the largest challenges are formed on the interfaces between refrigera-
tion systems and renewable energy, where heat and electricity turn to cooling.
Not all methods of refrigeration can be combined with all forms of renewables,
limiting possible options. Biomass can be used as an energy source for cool-
ing in a power plant but not in a detached house due to its price and complic-
ity. Absorption coolers can run on almost any source of heat, but the low effi-
ciency means the heat must come from waste heat or fuel with a very low
cost. Otherwise the costs rise to unsustainable levels. As such the method of
refrigeration must correspond to the used source of renewable energy to max-

imize the gained benefits.

A second major weakness is reliability and predictability, two largest chal-
lenges renewable energy has. These issues are small for biomass and hydro-
power but wind and solar require oversized production and storage capacity to
eliminate interruptions in cooling. This places hydropower in a difficult position
as it is expected to work both as adjusting power and baseline power like nu-
clear power today. In hospitals patient safety alone demands that backup sys-
tems are in place, increasing price of investments. Large cold storage halls
can afford to have their temperature rise in a short run, but no amount of insu-

lation is enough to prevent losses in a prolonged summer heat. Based on this
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backup systems and alternative fuels are needed if reliability is wanted. Hybrid
solutions are therefore very likely to become commonplace.

Some solutions require concessions when designing a building and during
construction, some can'’t be used in specific circumstances at all. For instance,
with biomasses one can end up using the more expensive fuel due to boiler
limitations. The number of combinations is very high but almost all options
have limitations and requirements that prevent some being employed for the
same purpose. To create a cooling system that is useful, more calculations
and research might be needed, as turnkey options might not be available.
Many existing applications were created using products of different manufac-
turers that weren’t designed for that application. How many homeowners do
have considered solar panels as a backup for their freezer and air conditioning

when the power of those panels has been calculated?

According to these results the next goal in the utilization of renewables with
cooling is to get these solutions to wider use and within the reach of an aver-
age consumer. This means engineers must work harder to find more afforda-
ble solutions, and politicians need to find the will to advance sustainable poli-
cies at the expense of financial interests. Not to mention the consumer who
must learn to demand taking the environment into consideration in more

things, cooling included.

Research and development for new and better answers go forward in material
technologies as well as consumer habits and is creating visible effects under
the canopies of waste collection points, statistics and street view. This thesis
has contributed to this change by creating an easy to digest analysis on its
subject. Even if renewable energy powered cooling was invented just yester-

day, it has progressed further already today.



40

References

2010 Survey of Energy Resources. 7. Hydropower. 2010. World Energy Coun-
cil. PDF-document. Available in: https://www.worldenergy.org/wp-content/up-
loads/2012/09/ser 2010 report 1.pdf [referenced 24.3.19].

Advantages and Disadvantages of Geothermal Energy. The Source of Re-
newable Heat. 2014. GreenMatch. Blog. Updated 17.12.19. Available in:
https://www.greenmatch.co.uk/blog/2014/04/advantages-and-disadvantages-
of-geothermal-energy [referenced 1.4.19].

Aggarwal, V. 2019. What are the most efficient solar panels on the market?
Solar panel efficiency explained. EnergySage. WWW-document. Updated
1.1.19. Available in: https://news.energysage.com/what-are-the-most-efficient-
solar-panels-on-the-market/ [referenced 16.4.19].

Aittomaki, A. 1993. Kylmatekniikka (in Finnish). Kylmétuki Ky Oy. Second edi-
tion. Jyvaskyla: Gummerus Publishers.

Amerisolar. 2016. AS-6P30. PDF-document. Available in: https://www.aurinko-
paneelikauppa.fi/WebRoot/vilkas04/Shops/20120903-11092-142553-1/Medi-
aGallery/Amerisolar.pdf [referenced 29.1.2019].

Arola, T. 2018. Maa- ja kallioperéd energia-akkuna. Varastoinnin geologiset pe-
rusteet (in Finnish). Geological survey of Finland. Seminar material. PDF-doc-
ument. Available in: https://tem.fi/docu-
ments/1410877/11102074/Maa%?20ja%20kallioper%C3%A4%20energia-ak-
kuna%20-%20Teppo%20Arola/fdcO6eab-5e8c-66b2-9¢cb2-9906dbf8el7d [ref-
erenced 19.3.19].

Astronergy. 2017. STAVE 2. 275W ~290W. 5BB-Polycrystalline PV Module.
Avalilable in: https://www.aurinkopaneel-
ikauppa.fi/lWebRoot/vilkas04/Shops/20120903-11092-142553-1/MediaGal-
lery/Astronergy 285W.pdf [referenced 25.3.19].

AURI. 2016. Biomass for Cooling System Technologies. A Feasibility Guide.
Report. PDF-document. Available in: https://www.auri.org/assets/2016/06/Bio-
mass-Cooling_Final.pdf [referenced 5.3.19].

AZoOptics. 2008. An Overview of the Materials Used for Solar Cells. WWW -
document. Available in: https://www.azooptics.com/Article.aspx?ArticlelD=147
[referenced 24.9.18].

Badenhausen K. & Ozanian M. 2018. The NHL’s Most Valuable Teams.
Forbes. Article. WWW-document. Available in:
https://www.forbes.com/sites/mikeozanian/2018/12/05/the-nhls-most-valuable-
teams/#3735de7050e2. [referenced 6.3.19].



https://www.worldenergy.org/wp-content/uploads/2012/09/ser_2010_report_1.pdf
https://www.worldenergy.org/wp-content/uploads/2012/09/ser_2010_report_1.pdf
https://www.worldenergy.org/wp-content/uploads/2012/09/ser_2010_report_1.pdf
https://www.worldenergy.org/wp-content/uploads/2012/09/ser_2010_report_1.pdf
https://www.greenmatch.co.uk/blog/2014/04/advantages-and-disadvantages-of-geothermal-energy
https://www.greenmatch.co.uk/blog/2014/04/advantages-and-disadvantages-of-geothermal-energy
https://news.energysage.com/what-are-the-most-efficient-solar-panels-on-the-market/
https://news.energysage.com/what-are-the-most-efficient-solar-panels-on-the-market/
https://www.aurinkopaneelikauppa.fi/WebRoot/vilkas04/Shops/20120903-11092-142553-1/MediaGallery/Amerisolar.pdf
https://www.aurinkopaneelikauppa.fi/WebRoot/vilkas04/Shops/20120903-11092-142553-1/MediaGallery/Amerisolar.pdf
https://www.aurinkopaneelikauppa.fi/WebRoot/vilkas04/Shops/20120903-11092-142553-1/MediaGallery/Amerisolar.pdf
https://www.aurinkopaneelikauppa.fi/WebRoot/vilkas04/Shops/20120903-11092-142553-1/MediaGallery/Amerisolar.pdf
https://www.aurinkopaneelikauppa.fi/WebRoot/vilkas04/Shops/20120903-11092-142553-1/MediaGallery/Amerisolar.pdf
https://www.aurinkopaneelikauppa.fi/WebRoot/vilkas04/Shops/20120903-11092-142553-1/MediaGallery/Amerisolar.pdf
https://tem.fi/documents/1410877/11102074/Maa%20ja%20kallioper%C3%A4%20energia-akkuna%20-%20Teppo%20Arola/fdc06eab-5e8c-66b2-9cb2-9906dbf8e17d
https://tem.fi/documents/1410877/11102074/Maa%20ja%20kallioper%C3%A4%20energia-akkuna%20-%20Teppo%20Arola/fdc06eab-5e8c-66b2-9cb2-9906dbf8e17d
https://tem.fi/documents/1410877/11102074/Maa%20ja%20kallioper%C3%A4%20energia-akkuna%20-%20Teppo%20Arola/fdc06eab-5e8c-66b2-9cb2-9906dbf8e17d
https://tem.fi/documents/1410877/11102074/Maa%20ja%20kallioper%C3%A4%20energia-akkuna%20-%20Teppo%20Arola/fdc06eab-5e8c-66b2-9cb2-9906dbf8e17d
https://tem.fi/documents/1410877/11102074/Maa%20ja%20kallioper%C3%A4%20energia-akkuna%20-%20Teppo%20Arola/fdc06eab-5e8c-66b2-9cb2-9906dbf8e17d
https://tem.fi/documents/1410877/11102074/Maa%20ja%20kallioper%C3%A4%20energia-akkuna%20-%20Teppo%20Arola/fdc06eab-5e8c-66b2-9cb2-9906dbf8e17d
https://www.aurinkopaneelikauppa.fi/WebRoot/vilkas04/Shops/20120903-11092-142553-1/MediaGallery/Astronergy_285W.pdf
https://www.aurinkopaneelikauppa.fi/WebRoot/vilkas04/Shops/20120903-11092-142553-1/MediaGallery/Astronergy_285W.pdf
https://www.aurinkopaneelikauppa.fi/WebRoot/vilkas04/Shops/20120903-11092-142553-1/MediaGallery/Astronergy_285W.pdf
https://www.aurinkopaneelikauppa.fi/WebRoot/vilkas04/Shops/20120903-11092-142553-1/MediaGallery/Astronergy_285W.pdf
https://www.aurinkopaneelikauppa.fi/WebRoot/vilkas04/Shops/20120903-11092-142553-1/MediaGallery/Astronergy_285W.pdf
https://www.aurinkopaneelikauppa.fi/WebRoot/vilkas04/Shops/20120903-11092-142553-1/MediaGallery/Astronergy_285W.pdf
https://www.auri.org/assets/2016/06/Biomass-Cooling_Final.pdf
https://www.auri.org/assets/2016/06/Biomass-Cooling_Final.pdf
https://www.auri.org/assets/2016/06/Biomass-Cooling_Final.pdf
https://www.auri.org/assets/2016/06/Biomass-Cooling_Final.pdf
https://www.azooptics.com/Article.aspx?ArticleID=147
https://www.forbes.com/sites/mikeozanian/2018/12/05/the-nhls-most-valuable-teams/#3735de7050e2
https://www.forbes.com/sites/mikeozanian/2018/12/05/the-nhls-most-valuable-teams/#3735de7050e2

41

Beaudet, A. 2018. Grid-tied Solar and the Dreaded 120% Rule. altE. Blog.
WWW-document. Available in: https://www.altestore.com/blog/2018/11/grid-
tied-solar-breaker-box-120-percent-rule/ [referenced 20.3.19].

Bioenergian kaytto (in Finnish). 2018. Motiva. WWW-document Available in:
https://www.motiva.fi/ratkaisut/uusiutuva_energia/bioenergia/bioener-
gian_kaytto [referenced 12.2.2019].

Bioenergianeuvoja (in Finnish). 2018. Biopolttoaineet. WWW-document. Avail-
able in: https://www.bioenergianeuvoja.fi/biopolttoaineet/ [referenced 5.11.18].

Biomassavoimala (in Finnish). 2017. Toimintaperiaate. Vattenfall Oy. WWW-
document. Updated 23.5.2017. Available in: https://corporate.vatten-
fall.fi/tietoa-energiasta/sahkon-ja-lammontuotanto/biomassa/biomassa-
voimala-toimintaperiaate/ [referenced 4.4.19].

Boxwell, M. S.a. Solar Electricity Handbook 2017 Edition. Wind Turbines vs
Solar Panels. WWW-document. Available in: http://solarelectricityhand-
book.com/Solar-Articles/wind-turbines.html [referenced 26.11.18].

BP. 2018. Statistical Review of World Energy. Available in:
https://www.bp.com/content/dam/bp/business-sites/en/global/corpo-
rate/pdfs/energy-economics/statistical-review/bp-stats-review-2018-full-re-
port.pdf [referenced 22.3.19].

Breverton, T. 2012. Breverton’s encyclopedia of innovations. London. Quercus
Editions Ltd, 198-199.

Brown, D., Fernandez, N., Dirks, J., & Stout, T. 2010. The Prospects of Alter-
natives to Vapor Compression Technology for Space Cooling and Food Re-
frigeration Applications. Pacific Northwest National Laboratory. Report. PDF-
document. Available in: www.pnl.gov/main/publications/external/technical_re-
ports/pnnl-19259.pdf [referenced 23.11.18].

Climate-zone.com. 2019. Climate. Available in: https://www.climate-
zone.com/climate/united-states/michigan/lansing/ and https://www.climate-
zone.com/climate/finland/celsius/helsinki.ntm [referenced 26.3.19].

CO2-paastokertoimet (in Finnish). 2019. Motiva. WWW-document. Updated
26.4.2018. Available in: https://www.motiva.fi/ratkaisut/energiankaytto su-
omessa/co2-laskentaohje energiankulutuksen hiilidioksidipaastojen las-
kentaan/co2-paastokertoimet [referenced 27.3.19].

Cook, B. 2015. Michigan District Energy Facility Case Studies. Michigan State
University. PDF-document. Available in: https://www.canr.msu.edu/up-
loads/234/69992/Pinecrest-2015.pdf [referenced 5.3.19].



https://www.altestore.com/blog/2018/11/grid-tied-solar-breaker-box-120-percent-rule/
https://www.altestore.com/blog/2018/11/grid-tied-solar-breaker-box-120-percent-rule/
https://www.motiva.fi/ratkaisut/uusiutuva_energia/bioenergia/bioenergian_kaytto
https://www.motiva.fi/ratkaisut/uusiutuva_energia/bioenergia/bioenergian_kaytto
https://www.motiva.fi/ratkaisut/uusiutuva_energia/bioenergia/bioenergian_kaytto
https://www.motiva.fi/ratkaisut/uusiutuva_energia/bioenergia/bioenergian_kaytto
https://www.bioenergianeuvoja.fi/biopolttoaineet/
https://www.bioenergianeuvoja.fi/biopolttoaineet/
https://corporate.vattenfall.fi/tietoa-energiasta/sahkon-ja-lammontuotanto/biomassa/biomassavoimala-toimintaperiaate/
https://corporate.vattenfall.fi/tietoa-energiasta/sahkon-ja-lammontuotanto/biomassa/biomassavoimala-toimintaperiaate/
https://corporate.vattenfall.fi/tietoa-energiasta/sahkon-ja-lammontuotanto/biomassa/biomassavoimala-toimintaperiaate/
https://corporate.vattenfall.fi/tietoa-energiasta/sahkon-ja-lammontuotanto/biomassa/biomassavoimala-toimintaperiaate/
https://corporate.vattenfall.fi/tietoa-energiasta/sahkon-ja-lammontuotanto/biomassa/biomassavoimala-toimintaperiaate/
https://corporate.vattenfall.fi/tietoa-energiasta/sahkon-ja-lammontuotanto/biomassa/biomassavoimala-toimintaperiaate/
http://solarelectricityhandbook.com/Solar-Articles/wind-turbines.html
http://solarelectricityhandbook.com/Solar-Articles/wind-turbines.html
http://solarelectricityhandbook.com/Solar-Articles/wind-turbines.html
http://solarelectricityhandbook.com/Solar-Articles/wind-turbines.html
https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/statistical-review/bp-stats-review-2018-full-report.pdf
https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/statistical-review/bp-stats-review-2018-full-report.pdf
https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/statistical-review/bp-stats-review-2018-full-report.pdf
https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/statistical-review/bp-stats-review-2018-full-report.pdf
https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/statistical-review/bp-stats-review-2018-full-report.pdf
https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/statistical-review/bp-stats-review-2018-full-report.pdf
http://www.pnl.gov/main/publications/external/technical_reports/pnnl-19259.pdf
http://www.pnl.gov/main/publications/external/technical_reports/pnnl-19259.pdf
http://www.pnl.gov/main/publications/external/technical_reports/pnnl-19259.pdf
http://www.pnl.gov/main/publications/external/technical_reports/pnnl-19259.pdf
https://www.climate-zone.com/climate/united-states/michigan/lansing/
https://www.climate-zone.com/climate/united-states/michigan/lansing/
https://www.climate-zone.com/climate/finland/celsius/helsinki.htm
https://www.climate-zone.com/climate/finland/celsius/helsinki.htm
https://www.motiva.fi/ratkaisut/energiankaytto_suomessa/co2-laskentaohje_energiankulutuksen_hiilidioksidipaastojen_laskentaan/co2-paastokertoimet
https://www.motiva.fi/ratkaisut/energiankaytto_suomessa/co2-laskentaohje_energiankulutuksen_hiilidioksidipaastojen_laskentaan/co2-paastokertoimet
https://www.motiva.fi/ratkaisut/energiankaytto_suomessa/co2-laskentaohje_energiankulutuksen_hiilidioksidipaastojen_laskentaan/co2-paastokertoimet
https://www.motiva.fi/ratkaisut/energiankaytto_suomessa/co2-laskentaohje_energiankulutuksen_hiilidioksidipaastojen_laskentaan/co2-paastokertoimet
https://www.motiva.fi/ratkaisut/energiankaytto_suomessa/co2-laskentaohje_energiankulutuksen_hiilidioksidipaastojen_laskentaan/co2-paastokertoimet
https://www.motiva.fi/ratkaisut/energiankaytto_suomessa/co2-laskentaohje_energiankulutuksen_hiilidioksidipaastojen_laskentaan/co2-paastokertoimet
https://www.canr.msu.edu/uploads/234/69992/Pinecrest-2015.pdf
https://www.canr.msu.edu/uploads/234/69992/Pinecrest-2015.pdf
https://www.canr.msu.edu/uploads/234/69992/Pinecrest-2015.pdf
https://www.canr.msu.edu/uploads/234/69992/Pinecrest-2015.pdf

42

Crepinsek, Z., Goricanec, D. & Krope, J. 2009. Comparison of the perfor-
mances of absorption refrigeration cycles. University of Maribor, Slovenia. Re-
search report. PDF-document. Available in: www.wseas.us/e-library/transac-
tions/heat/2009/29-511.pdf [referenced 19.11.18].

Cunningham, N. 2014. Five Crazy New Forms Of Energy That Just Might
Work. OilPrize.com. Available in: https://oilprice.com/Energy/Energy-Gen-
eral/Five-Crazy-New-Forms-Of-Energy-That-Just-Might-Work.html [referenced
25.9.18].

Eicker, U. 2012. Solar Thermal or Photovoltaic Cooling? University of Applied
Sciences Stuttgart. Research center sustainable energy technologies. Report.
PDF-document. Available in: http://task48.iea-shc.org/Data/Sites/6/docu-
ments/events/intersolar2012/Eicker ZAFHNET _Solar%20ther-
mal%200r%20photovoltaic%20cooling.pdf [referenced 10.2.19].

Encyclopaedia Britannica. 2018a. Jean-Charles-Athanase Peltier. WWW-doc-
ument. Updated 23.10.2018. Available in: https://www.britannica.com/biog-
raphy/Jean-Charles-Athanase-Peltier [referenced 23.11.18].

Encyclopaedia Britannica. 2018b. Photoelectric effect. WWW-document. Up-
dated 19.1.2018. Available in: https://www.britannica.com/science/photoelec-
tric-effect [referenced 24.9.18].

Energia 2017 -taulukkopalvelu (in Finnish). 2.8. Uusiutuvat energialahteet.
2018. Statistics Finland. Statistic. Excel-table. Available in:
https://pxhopea?2.stat.fi/sahkoiset julkaisut/energia2017/data/t02 08.xls [refer-
enced 21.11.18].

ENERGY IN FINLAND 2017. 2017. Statistics Finland. Statistic. PDF-docu-
ment. Available in: https://pxhopea?2.stat.fi/sahkoiset julkaisut/ener-
gia2017/pdf/julkaisu.pdf [referenced 21.11.18].

Frequently Asked Questions About Our Cooling And Heating Technology.
2010. Tellurex. Available in: https://docplayer.net/25007810-Frequently-asked-
guestions-about-our-cooling-and-heating-technology.html [referenced
23.11.18].

Geothermal Power and Electricity Production. S.a. Renewable energy world.
WWW-document. Available in: https://www.renewableenergyworld.com/geo-
thermal-enerqgy/tech/geoelectricity.html [referenced 25.9.18].

Global Warming of 1.5 °C. 2018. IPCC. Report. PDF-document. Available in:
http://www.ipcc.ch/report/sr15/ [referenced 7.11.18].



http://www.wseas.us/e-library/transactions/heat/2009/29-511.pdf
http://www.wseas.us/e-library/transactions/heat/2009/29-511.pdf
http://www.wseas.us/e-library/transactions/heat/2009/29-511.pdf
http://www.wseas.us/e-library/transactions/heat/2009/29-511.pdf
https://oilprice.com/Energy/Energy-General/Five-Crazy-New-Forms-Of-Energy-That-Just-Might-Work.html
https://oilprice.com/Energy/Energy-General/Five-Crazy-New-Forms-Of-Energy-That-Just-Might-Work.html
https://oilprice.com/Energy/Energy-General/Five-Crazy-New-Forms-Of-Energy-That-Just-Might-Work.html
https://oilprice.com/Energy/Energy-General/Five-Crazy-New-Forms-Of-Energy-That-Just-Might-Work.html
http://task48.iea-shc.org/Data/Sites/6/documents/events/intersolar2012/Eicker_ZAFHNET_Solar%20thermal%20or%20photovoltaic%20cooling.pdf
http://task48.iea-shc.org/Data/Sites/6/documents/events/intersolar2012/Eicker_ZAFHNET_Solar%20thermal%20or%20photovoltaic%20cooling.pdf
http://task48.iea-shc.org/Data/Sites/6/documents/events/intersolar2012/Eicker_ZAFHNET_Solar%20thermal%20or%20photovoltaic%20cooling.pdf
http://task48.iea-shc.org/Data/Sites/6/documents/events/intersolar2012/Eicker_ZAFHNET_Solar%20thermal%20or%20photovoltaic%20cooling.pdf
http://task48.iea-shc.org/Data/Sites/6/documents/events/intersolar2012/Eicker_ZAFHNET_Solar%20thermal%20or%20photovoltaic%20cooling.pdf
http://task48.iea-shc.org/Data/Sites/6/documents/events/intersolar2012/Eicker_ZAFHNET_Solar%20thermal%20or%20photovoltaic%20cooling.pdf
https://www.britannica.com/biography/Jean-Charles-Athanase-Peltier
https://www.britannica.com/biography/Jean-Charles-Athanase-Peltier
https://www.britannica.com/biography/Jean-Charles-Athanase-Peltier
https://www.britannica.com/biography/Jean-Charles-Athanase-Peltier
https://www.britannica.com/science/photoelectric-effect
https://www.britannica.com/science/photoelectric-effect
https://www.britannica.com/science/photoelectric-effect
https://www.britannica.com/science/photoelectric-effect
https://pxhopea2.stat.fi/sahkoiset_julkaisut/energia2017/data/t02_08.xls
https://pxhopea2.stat.fi/sahkoiset_julkaisut/energia2017/data/t02_08.xls
https://pxhopea2.stat.fi/sahkoiset_julkaisut/energia2017/pdf/julkaisu.pdf
https://pxhopea2.stat.fi/sahkoiset_julkaisut/energia2017/pdf/julkaisu.pdf
https://pxhopea2.stat.fi/sahkoiset_julkaisut/energia2017/pdf/julkaisu.pdf
https://pxhopea2.stat.fi/sahkoiset_julkaisut/energia2017/pdf/julkaisu.pdf
https://docplayer.net/25007810-Frequently-asked-questions-about-our-cooling-and-heating-technology.html
https://docplayer.net/25007810-Frequently-asked-questions-about-our-cooling-and-heating-technology.html
https://www.renewableenergyworld.com/geothermal-energy/tech/geoelectricity.html
https://www.renewableenergyworld.com/geothermal-energy/tech/geoelectricity.html
https://www.renewableenergyworld.com/geothermal-energy/tech/geoelectricity.html
https://www.renewableenergyworld.com/geothermal-energy/tech/geoelectricity.html
http://www.ipcc.ch/report/sr15/
http://www.ipcc.ch/report/sr15/

43

Hanania J., Stenhouse, K., & Donev, J. 2017. Energy Education. Solar chim-
ney. University of Calgary. WWW-document. Available in: https://energyedu-
cation.ca/encyclopedia/Solar _chimney#cite note-Article5-4 [referenced:
10.2.19].

Helsingin tukkutorin uusi pakastamo. Sornaistenkatu 7-11 00580 Helsinki. Uu-
disrakennus ja perusparannus. Hankesuunnitelman tekniset liitteet (in Fin-
nish). 2015. City of Helsinki. Available in: https://docplayer.fi/5424960-Hel-
singin-tukkutorin-uusi-pakastamo-sornaistenkatu-7-11-00580-helsinki.html
[referenced 19.11.18].

Hydropower Explained. Wave Power. Basics. 2018. U.S. Energy Information
Administration. WWW-document. Updated 28.8.2018. Available in:
https://www.eia.gov/energyexplained/index.php?page=hydropower_wave [ref-
erenced 25.9.18].

Jasuja, N., Sehgal, P., Gauri S., Kate T., Tarbuka, P. & Prakash C. 2019. Ab-
sorption vs. Adsorption. Diffen.com. WWW-document. Available in:
https://www.diffen.com/difference/Absorption_vs_Adsorption [referenced
18.4.19].

Koistinen, A. 2018. Ihmiskunnan ratkaisevat vuodet. Jattiraportti. IImaston
lampeneminen voidaan rajata 1,5 asteeseen, jos paastot nollataan ennatysno-
peasti (in Finnish). Yle. WWW-document. Available in: https://yle.fi/uutiset/3-
10444012 [referenced 7.11.18].

Koljonen, T. & Sipila, K. 1998. Uudemman absorptiojadhdytystekniikan sovel-
taminen kaukojadhdytyksessa (in Finnish). VTT. VTT Energia. PDF-docu-
ment. Available in: https://www.vit.fi/inf/pdf/tiedotteet/1998/T1926.pdf [refer-
enced 24.10.18].

Komp, R. 2016. How do solar panels work? TED-ED. YouTube-video. Availa-
ble in: https://www.youtube.com/watch?v=xKxrkht7CpY [referenced 22.9.18].

Korhonen, T. 2011. Henkildauton ilmastointilaitteen suunnittelu ja rakentami-
nen (in Finnish). Oulu University of Applied Sciences. Thesis. Available in:
http://urn.fifURN:NBN:fi:amk-201105107154 [referenced 1.10.18].

Kuningas, J. 2016. Kaukojaadhdytyksen liiketoimintamallin esiselvitys (in Fin-
nish). JAMK University of Applied Sciences. Thesis. PDF-document. Available
in: http://urn.fi/URN:NBN:fi:amk-2016052710251 [referenced 25.10.18].

Lead acid battery working. Lifetime study. 2016. Power-Thru. PDF-document.
Avalilable in: http://www.power-thru.com/docu-
ments/The%20Truth%20About%20Batteries%20-%20POWER-
THRU%20White%20Paper.pdf. [referenced 5.2.19].



https://energyeducation.ca/encyclopedia/Solar_chimney#cite_note-Article5-4
https://energyeducation.ca/encyclopedia/Solar_chimney#cite_note-Article5-4
https://energyeducation.ca/encyclopedia/Solar_chimney#cite_note-Article5-4
https://energyeducation.ca/encyclopedia/Solar_chimney#cite_note-Article5-4
https://docplayer.fi/5424960-Helsingin-tukkutorin-uusi-pakastamo-sornaistenkatu-7-11-00580-helsinki.html
https://docplayer.fi/5424960-Helsingin-tukkutorin-uusi-pakastamo-sornaistenkatu-7-11-00580-helsinki.html
https://docplayer.fi/5424960-Helsingin-tukkutorin-uusi-pakastamo-sornaistenkatu-7-11-00580-helsinki.html
https://docplayer.fi/5424960-Helsingin-tukkutorin-uusi-pakastamo-sornaistenkatu-7-11-00580-helsinki.html
https://www.eia.gov/energyexplained/index.php?page=hydropower_wave
https://www.eia.gov/energyexplained/index.php?page=hydropower_wave
https://www.diffen.com/difference/Absorption_vs_Adsorption
https://yle.fi/uutiset/3-10444012
https://yle.fi/uutiset/3-10444012
https://yle.fi/uutiset/3-10444012
https://www.vtt.fi/inf/pdf/tiedotteet/1998/T1926.pdf
https://www.vtt.fi/inf/pdf/tiedotteet/1998/T1926.pdf
https://www.youtube.com/watch?v=xKxrkht7CpY
https://www.youtube.com/watch?v=xKxrkht7CpY
http://urn.fi/URN:NBN:fi:amk-201105107154
http://urn.fi/URN:NBN:fi:amk-2016052710251
http://www.power-thru.com/documents/The%20Truth%20About%20Batteries%20-%20POWERTHRU%20White%20Paper.pdf
http://www.power-thru.com/documents/The%20Truth%20About%20Batteries%20-%20POWERTHRU%20White%20Paper.pdf
http://www.power-thru.com/documents/The%20Truth%20About%20Batteries%20-%20POWERTHRU%20White%20Paper.pdf
http://www.power-thru.com/documents/The%20Truth%20About%20Batteries%20-%20POWERTHRU%20White%20Paper.pdf
http://www.power-thru.com/documents/The%20Truth%20About%20Batteries%20-%20POWERTHRU%20White%20Paper.pdf
http://www.power-thru.com/documents/The%20Truth%20About%20Batteries%20-%20POWERTHRU%20White%20Paper.pdf

44

Letcher, T. 2014. Future Energy. Improved, Sustainable and Clean Options for
Our Planet. Second edition. London: Elsevier Ltd.

Logistiikkakeskuksen energiajarjestelmé sai kolmannen tunnustuksen (in Fin-
nish). 2010. S-kanava. WWW-document. Available in: https://www.s-ka-
nava.fi/web/s-ryhma/uutinen/logistiikkakeskuksen-energiajarjestelma-sai-kol-
mannen-tunnustuksen/132961 66560 [referenced 30.1.19].

Luhr, J. 2003. Earth. London: Dorling Kindersley Limited, 201-207.
Maehlum, M. 2012. The Real Lifespan of Solar Panels. Article. WWW-docu-
ment. Available in: http://energyinformative.org/lifespan-solar-panels/ [refer-
enced 30.1.19].

Main Report. Macro-Economic Study on Hydropower in Europe. 2015. KEMA
Consulting Gmbh. Report. PDF-document. Available in: https://ener-
gia.fi/files/507/Main_Report - Macro-Economic_Study on_Hydro-
power_in_Europe.pdf [referenced 28.11.18].

Makelainen, M. 2016. Kiinan jattipato on viimein taysin valmis — Maailman
suurin laivahissi otettiin kayttoon (in Finnish). Yle. WWW-document. Available
in: https://yle.fi/uutiset/3-9349079 [referenced 5.3.19].

Manninen, O. 2017. Sipoon logistiikkakeskuksen erityislaatuiset betonilattia-
tyot (in Finnish). Master’s thesis. PDF-document. Available in:
https://www.theseus.fi/bitstream/handle/10024/123585/Sipoon%20logistiikka-
keskuk-sen%20erityislaatuiset%20betonilattiatyot..pdf?sequence=1 [refer-
enced 18.2.19].

Marjala A. 2015. Vapaajadhdytyksen tutkiminen nostokoneen sahkdémoottorin
jadhdytyksessa (in Finnish). Oulu University of Applied Sciences. Ta-
lotekniikan koulutusohjelma. Thesis. Available in: https://www.theseus.fi/bit-
stream/handle/10024/100372/Marjala_Arto.pdf?sequence=1&isAllowed=y [ref-
erenced 1.4.19].

Nain tarkastat jaékaapin ja pakastimen todellisen lampdtilan. Lue néppérat
vinkit (in Finnish). 2015. Helsingin uutiset. Updated 24.9.2015. Available in:
https://www.helsinginuutiset.fi/Article/321042-nain-tarkastat-jaakaapin-ja-pa-
kastimen-todellisen-lampotilan-lue-napparat-vinkit [referenced 28.3.19].

Nakemyksestd menestysta. Energiavaikuttajaseminaari 23.11.2017 (in Fin-
nish). 2017. Ministry of Economic Affairs and Employment of Finland. Seminar
material. PDF-document. Available in: https://tem.fi/docu-
ments/1410877/5717373/Uusiutuvan%20energian%20toimialaRe-
port/38ff4911-aabe-4a00-bd55-c5823cc1b189. [referenced 19.3.19].

Otsonikato (in Finnish). 2013. Ministry of the environment. WWW-document.
Available in: https://www.ymparisto.fi/fi-Fl/llmasto_ja ilma/Otsoni-
kerroksen_suojelu/Otsonikato [referenced 28.2.19]. Available in English:



https://www.s-kanava.fi/web/s-ryhma/uutinen/logistiikkakeskuksen-energiajarjestelma-sai-kolmannen-tunnustuksen/132961_66560
https://www.s-kanava.fi/web/s-ryhma/uutinen/logistiikkakeskuksen-energiajarjestelma-sai-kolmannen-tunnustuksen/132961_66560
https://www.s-kanava.fi/web/s-ryhma/uutinen/logistiikkakeskuksen-energiajarjestelma-sai-kolmannen-tunnustuksen/132961_66560
https://www.s-kanava.fi/web/s-ryhma/uutinen/logistiikkakeskuksen-energiajarjestelma-sai-kolmannen-tunnustuksen/132961_66560
https://www.s-kanava.fi/web/s-ryhma/uutinen/logistiikkakeskuksen-energiajarjestelma-sai-kolmannen-tunnustuksen/132961_66560
https://www.s-kanava.fi/web/s-ryhma/uutinen/logistiikkakeskuksen-energiajarjestelma-sai-kolmannen-tunnustuksen/132961_66560
http://energyinformative.org/lifespan-solar-panels/
http://energyinformative.org/lifespan-solar-panels/
https://energia.fi/files/507/Main_Report_-_Macro-Economic_Study_on_Hydropower_in_Europe.pdf
https://energia.fi/files/507/Main_Report_-_Macro-Economic_Study_on_Hydropower_in_Europe.pdf
https://energia.fi/files/507/Main_Report_-_Macro-Economic_Study_on_Hydropower_in_Europe.pdf
https://energia.fi/files/507/Main_Report_-_Macro-Economic_Study_on_Hydropower_in_Europe.pdf
https://energia.fi/files/507/Main_Report_-_Macro-Economic_Study_on_Hydropower_in_Europe.pdf
https://energia.fi/files/507/Main_Report_-_Macro-Economic_Study_on_Hydropower_in_Europe.pdf
https://yle.fi/uutiset/3-9349079
https://www.theseus.fi/bitstream/handle/10024/123585/Sipoon%20logistiikkakeskuk-sen%20erityislaatuiset%20betonilattiatyot..pdf?sequence=1
https://www.theseus.fi/bitstream/handle/10024/123585/Sipoon%20logistiikkakeskuk-sen%20erityislaatuiset%20betonilattiatyot..pdf?sequence=1
https://www.theseus.fi/bitstream/handle/10024/123585/Sipoon%20logistiikkakeskuk-sen%20erityislaatuiset%20betonilattiatyot..pdf?sequence=1
https://www.theseus.fi/bitstream/handle/10024/123585/Sipoon%20logistiikkakeskuk-sen%20erityislaatuiset%20betonilattiatyot..pdf?sequence=1
https://www.theseus.fi/bitstream/handle/10024/100372/Marjala_Arto.pdf?sequence=1&isAllowed=y
https://www.theseus.fi/bitstream/handle/10024/100372/Marjala_Arto.pdf?sequence=1&isAllowed=y
https://www.theseus.fi/bitstream/handle/10024/100372/Marjala_Arto.pdf?sequence=1&isAllowed=y
https://www.theseus.fi/bitstream/handle/10024/100372/Marjala_Arto.pdf?sequence=1&isAllowed=y
https://www.helsinginuutiset.fi/artikkeli/321042-nain-tarkastat-jaakaapin-ja-pakastimen-todellisen-lampotilan-lue-napparat-vinkit
https://www.helsinginuutiset.fi/artikkeli/321042-nain-tarkastat-jaakaapin-ja-pakastimen-todellisen-lampotilan-lue-napparat-vinkit
https://www.helsinginuutiset.fi/artikkeli/321042-nain-tarkastat-jaakaapin-ja-pakastimen-todellisen-lampotilan-lue-napparat-vinkit
https://www.helsinginuutiset.fi/artikkeli/321042-nain-tarkastat-jaakaapin-ja-pakastimen-todellisen-lampotilan-lue-napparat-vinkit
https://tem.fi/documents/1410877/5717373/Uusiutuvan%20energian%20toimialaraportti/38ff4911-aabe-4a00-bd55-c5823cc1b189
https://tem.fi/documents/1410877/5717373/Uusiutuvan%20energian%20toimialaraportti/38ff4911-aabe-4a00-bd55-c5823cc1b189
https://tem.fi/documents/1410877/5717373/Uusiutuvan%20energian%20toimialaraportti/38ff4911-aabe-4a00-bd55-c5823cc1b189
https://tem.fi/documents/1410877/5717373/Uusiutuvan%20energian%20toimialaraportti/38ff4911-aabe-4a00-bd55-c5823cc1b189
https://tem.fi/documents/1410877/5717373/Uusiutuvan%20energian%20toimialaraportti/38ff4911-aabe-4a00-bd55-c5823cc1b189
https://tem.fi/documents/1410877/5717373/Uusiutuvan%20energian%20toimialaraportti/38ff4911-aabe-4a00-bd55-c5823cc1b189
https://www.ymparisto.fi/fi-FI/Ilmasto_ja_ilma/Otsonikerroksen_suojelu/Otsonikato
https://www.ymparisto.fi/fi-FI/Ilmasto_ja_ilma/Otsonikerroksen_suojelu/Otsonikato
https://www.ymparisto.fi/fi-FI/Ilmasto_ja_ilma/Otsonikerroksen_suojelu/Otsonikato
https://www.ymparisto.fi/fi-FI/Ilmasto_ja_ilma/Otsonikerroksen_suojelu/Otsonikato
https://www.ymparisto.fi/fi-FI/Ilmasto_ja_ilma/Otsonikerroksen_suojelu/Otsonikato
https://www.ymparisto.fi/fi-FI/Ilmasto_ja_ilma/Otsonikerroksen_suojelu/Otsonikato

45

https://www.ymparisto.fi/len-US/Climate and air/Protect-
ing the ozone layer/Ozone depletion.

Perald, R. 2017. Aurinkosahkoa (in Finnish). Helsinki: Alfamer / Karisto Oy.

Photovoltaic geographical information system. 2019. European commission.
Updated 21.09.17. Available in: http://re.jrc.ec.eu-
ropa.eu/pvg_tools/en/tools.html [referenced 11.4.19].

Pimia T., Biktuganov R., Gerlitc ., Hakkinen, J-J., Kakko M., Martikainen, J.,
Matikkala, J., Mékela, M., Tuliniemi, E. & Toyryla, N. 2014. Info package of
wind energy (in Finnish). South-Eastern Finland University of Applied Sci-
ences. Publication. 10.

Promote Island (in Finnish). 2014. Iceland. Leaflet. PDF-document. Available
in: https://docplayer.fi/15966761-Islanti-lyhyesti-luonnonvarat-kalat-vesivoima-
geoterminen-energia-luonnonmullistukset-vulkanismi-maanjaristykset-lu-
mivyoryt-jaatikkotulvat.htm| [Referenced 30.1.2019].

Redlitz, H. 2016. Wind vs. Solar. Which Power Source Is Better? Article.
WWW-document. Available in: https://greenfuture.io/solar/wind-vs-solar-en-
erqy [referenced 5.2.19].

Roaf, S. 2005. Air-conditioning avoidance. lessons from the windcatchers of
Iran. Department of Architecture, Oxford Brookes University, Oxford. PDF-
document. Available in: http://www.inive.org/members_area/medias/pdf/In-
Ive%5Cpalenc%5C2005%5CRoaf.pdf [referenced 9.2.19].

Rosenthal E. & Lehren A. 2012. Relief in Every Window, but Global Worry
Too. The New York Times. Updated 6.7.2012. Available in: https://www.ny-
times.com/2012/06/21/world/asia/global-demand-for-air-conditioning-forces-
tough-environmental-choices.html?pagewanted=1& r=1&hp [referenced
10.4.19].

Roy M-C. & Stevens M. 2018. Guide to infection control in the hospital. Chap-
ter 22. The operating room. PDF-document. Updated 02/2018. Available in:
https://www.isid.org/wp-content/uploads/2018/02/ISID_InfectionGuide Chap-
ter22.pdf [referenced 23.3.19].

Rutledge, K., McDaniel, M., Boudreau, D., Ramroop, T., Teng, S., Sprout, E.,
Costa, H., Hall, H. & Hunt, J. 2011. Tidal energy. National Geographic Soci-
ety. Article. WWW-document. Available in: https://www.nationalgeo-
graphic.org/encyclopedia/tidal-energy/ [referenced 25.9.18].

Savolainen, M. S.a. STIRLING-moottori (in Finnish). Savonia. PDF-document.
Available in: http://www.oamk.fi/cdn/fileuploads/stirlingmarkku savolainen.pdf
[referenced 16.4.19].



https://www.ymparisto.fi/en-US/Climate_and_air/Protecting_the_ozone_layer/Ozone_depletion
https://www.ymparisto.fi/en-US/Climate_and_air/Protecting_the_ozone_layer/Ozone_depletion
https://www.ymparisto.fi/en-US/Climate_and_air/Protecting_the_ozone_layer/Ozone_depletion
https://www.ymparisto.fi/en-US/Climate_and_air/Protecting_the_ozone_layer/Ozone_depletion
http://re.jrc.ec.europa.eu/pvg_tools/en/tools.html
http://re.jrc.ec.europa.eu/pvg_tools/en/tools.html
http://re.jrc.ec.europa.eu/pvg_tools/en/tools.html
http://re.jrc.ec.europa.eu/pvg_tools/en/tools.html
https://docplayer.fi/15966761-Islanti-lyhyesti-luonnonvarat-kalat-vesivoima-geoterminen-energia-luonnonmullistukset-vulkanismi-maanjaristykset-lumivyoryt-jaatikkotulvat.html
https://docplayer.fi/15966761-Islanti-lyhyesti-luonnonvarat-kalat-vesivoima-geoterminen-energia-luonnonmullistukset-vulkanismi-maanjaristykset-lumivyoryt-jaatikkotulvat.html
https://docplayer.fi/15966761-Islanti-lyhyesti-luonnonvarat-kalat-vesivoima-geoterminen-energia-luonnonmullistukset-vulkanismi-maanjaristykset-lumivyoryt-jaatikkotulvat.html
https://docplayer.fi/15966761-Islanti-lyhyesti-luonnonvarat-kalat-vesivoima-geoterminen-energia-luonnonmullistukset-vulkanismi-maanjaristykset-lumivyoryt-jaatikkotulvat.html
https://docplayer.fi/15966761-Islanti-lyhyesti-luonnonvarat-kalat-vesivoima-geoterminen-energia-luonnonmullistukset-vulkanismi-maanjaristykset-lumivyoryt-jaatikkotulvat.html
https://greenfuture.io/solar/wind-vs-solar-energy
https://greenfuture.io/solar/wind-vs-solar-energy
https://greenfuture.io/solar/wind-vs-solar-energy
https://greenfuture.io/solar/wind-vs-solar-energy
http://www.inive.org/members_area/medias/pdf/Inive%5Cpalenc%5C2005%5CRoaf.pdf
http://www.inive.org/members_area/medias/pdf/Inive%5Cpalenc%5C2005%5CRoaf.pdf
http://www.inive.org/members_area/medias/pdf/Inive%5Cpalenc%5C2005%5CRoaf.pdf
http://www.inive.org/members_area/medias/pdf/Inive%5Cpalenc%5C2005%5CRoaf.pdf
https://www.nytimes.com/2012/06/21/world/asia/global-demand-for-air-conditioning-forces-tough-environmental-choices.html?pagewanted=1&_r=1&hp
https://www.nytimes.com/2012/06/21/world/asia/global-demand-for-air-conditioning-forces-tough-environmental-choices.html?pagewanted=1&_r=1&hp
https://www.nytimes.com/2012/06/21/world/asia/global-demand-for-air-conditioning-forces-tough-environmental-choices.html?pagewanted=1&_r=1&hp
https://www.nytimes.com/2012/06/21/world/asia/global-demand-for-air-conditioning-forces-tough-environmental-choices.html?pagewanted=1&_r=1&hp
https://www.nytimes.com/2012/06/21/world/asia/global-demand-for-air-conditioning-forces-tough-environmental-choices.html?pagewanted=1&_r=1&hp
https://www.isid.org/wp-content/uploads/2018/02/ISID_InfectionGuide_Chapter22.pdf
https://www.isid.org/wp-content/uploads/2018/02/ISID_InfectionGuide_Chapter22.pdf
https://www.isid.org/wp-content/uploads/2018/02/ISID_InfectionGuide_Chapter22.pdf
https://www.isid.org/wp-content/uploads/2018/02/ISID_InfectionGuide_Chapter22.pdf
https://www.nationalgeographic.org/encyclopedia/tidal-energy/
https://www.nationalgeographic.org/encyclopedia/tidal-energy/
https://www.nationalgeographic.org/encyclopedia/tidal-energy/
https://www.nationalgeographic.org/encyclopedia/tidal-energy/
http://www.oamk.fi/cdn/fileuploads/stirlingmarkku_savolainen.pdf
http://www.oamk.fi/cdn/fileuploads/stirlingmarkku_savolainen.pdf

46

Selvitys IT-ympariston sahkonsaastokeinoista. Konesalipalvelujen energiate-
hokkuuden periaatteet (in Finnish). 2010. Motiva Oy. PDF-document. Availa-
ble in: http://www.motiva.fi/files/4427/Konesalipalvelujen _energiatehok-
kuuden_periaatteet.pdf [referenced 3.4.19].

SolarXon. 2012. ES-140P. Leaflet. PDF-document. Available in:
https://www.aurinkopaneelikauppa.fi/WebRoot/vilkas04/Shops/20120903-
11092-142553-1/MediaGallery/140W.pdf [referenced 29.1.2019].

S-ryhman vuosi ja vastuullisuus (in Finnish). 2017. 2018. S-ryhma. Report.
WWW-document. Available in: https://www.s-kanava.fi/docu-
ments/15244/89732351/S-ryhma%E2%95%A0%C3%AAN _vuosi ja vastuul-
lisuus 2017.pdf/07a13837-6b4b-4c0e-9472-ec320d6dd947 [referenced
11.4.19].

Sulzbacher, L. & Rathbauer, J. 2011. Heating and cooling with biomass. Re-
port. PDF-document. Available in: https://ec.europa.eu/energy/intelligent/pro-
jects/sites/iee-projects/files/projects/documents/eubionet iii_hc_with _bio-
mass_en.pdf [referenced 14.2.19].

Suomen virallinen tilasto (SVT). Asumisen energiankulutus [verkkojulkaisu] (in
Finnish). S.a. Statistics Finland. Helsinki. Available in:
http://www.stat.fi/til/asen/kas.html [referenced 15.11.18].

Suomi on bioenergian suurvalta (in Finnish). 2007. Statistics Finland. WWW-
document. Available: https://www.stat.fi/Articlet/2007/art_2007-04-
18 004.html?s=0 [referenced 14.2.19].

Suopajarvi H. 2013. Bioenergian uusia kayttbmahdollisuuksia. Biomassa me-
tallurgisessa teollisuudessa (in Finnish). University of Oulu. Prosessimetallur-
gian laboratorio. Seminar material. Available in: https://www.oulu.fi/sites/de-
fault/files/seminars/Bioreducer 19 9 2013 Suopaj%c3%a4rvi.pdf [referenced
4.4.19].

Szikra, C. S.a. Hybrid ventilation systems. Budapest University of Technology
and Economics. PDF-document. Available in: https://web.ar-
chive.org/web/20060818140107/http:/www.europeangreencities.com/pdf/ac-
tivities/ConfApr2004/15.pdf [referenced 9.2.19].

Tapaus Basel (in Finnish). S.a. Geosto Oy. WWW-document. Available in:
http://www.geosto.fi/geoterminen-voimala-basel-tapahtumat.html [referenced
1.4.19].

Tekniikan selitykset. LampOpumppu (available in English). S.a. Wahlres Oy.
WWW-document. Animation. Available in: http://www.dimplex.de/fi/ammattilai-
sille/tekniikan-selitykset/laempoepumput/naein-laempoepumppu-toimii.html
[referenced 25.9.18].



http://www.motiva.fi/files/4427/Konesalipalvelujen_energiatehokkuuden_periaatteet.pdf
http://www.motiva.fi/files/4427/Konesalipalvelujen_energiatehokkuuden_periaatteet.pdf
http://www.motiva.fi/files/4427/Konesalipalvelujen_energiatehokkuuden_periaatteet.pdf
http://www.motiva.fi/files/4427/Konesalipalvelujen_energiatehokkuuden_periaatteet.pdf
https://www.aurinkopaneelikauppa.fi/WebRoot/vilkas04/Shops/20120903-11092-142553-1/MediaGallery/140W.pdf
https://www.aurinkopaneelikauppa.fi/WebRoot/vilkas04/Shops/20120903-11092-142553-1/MediaGallery/140W.pdf
https://www.s-kanava.fi/documents/15244/89732351/S-ryhma%E2%95%A0%C3%AAn_vuosi_ja_vastuullisuus_2017.pdf/07a13837-6b4b-4c0e-9472-ec320d6dd947
https://www.s-kanava.fi/documents/15244/89732351/S-ryhma%E2%95%A0%C3%AAn_vuosi_ja_vastuullisuus_2017.pdf/07a13837-6b4b-4c0e-9472-ec320d6dd947
https://www.s-kanava.fi/documents/15244/89732351/S-ryhma%E2%95%A0%C3%AAn_vuosi_ja_vastuullisuus_2017.pdf/07a13837-6b4b-4c0e-9472-ec320d6dd947
https://www.s-kanava.fi/documents/15244/89732351/S-ryhma%E2%95%A0%C3%AAn_vuosi_ja_vastuullisuus_2017.pdf/07a13837-6b4b-4c0e-9472-ec320d6dd947
https://www.s-kanava.fi/documents/15244/89732351/S-ryhma%E2%95%A0%C3%AAn_vuosi_ja_vastuullisuus_2017.pdf/07a13837-6b4b-4c0e-9472-ec320d6dd947
https://www.s-kanava.fi/documents/15244/89732351/S-ryhma%E2%95%A0%C3%AAn_vuosi_ja_vastuullisuus_2017.pdf/07a13837-6b4b-4c0e-9472-ec320d6dd947
https://ec.europa.eu/energy/intelligent/projects/sites/iee-projects/files/projects/documents/eubionet_iii_hc_with_biomass_en.pdf
https://ec.europa.eu/energy/intelligent/projects/sites/iee-projects/files/projects/documents/eubionet_iii_hc_with_biomass_en.pdf
https://ec.europa.eu/energy/intelligent/projects/sites/iee-projects/files/projects/documents/eubionet_iii_hc_with_biomass_en.pdf
https://ec.europa.eu/energy/intelligent/projects/sites/iee-projects/files/projects/documents/eubionet_iii_hc_with_biomass_en.pdf
https://ec.europa.eu/energy/intelligent/projects/sites/iee-projects/files/projects/documents/eubionet_iii_hc_with_biomass_en.pdf
https://ec.europa.eu/energy/intelligent/projects/sites/iee-projects/files/projects/documents/eubionet_iii_hc_with_biomass_en.pdf
http://www.stat.fi/til/asen/kas.html
https://www.stat.fi/artikkelit/2007/art_2007-04-18_004.html?s=0
https://www.stat.fi/artikkelit/2007/art_2007-04-18_004.html?s=0
https://www.oulu.fi/sites/default/files/seminars/Bioreducer_19_9_2013_Suopaj%c3%a4rvi.pdf
https://www.oulu.fi/sites/default/files/seminars/Bioreducer_19_9_2013_Suopaj%c3%a4rvi.pdf
https://www.oulu.fi/sites/default/files/seminars/Bioreducer_19_9_2013_Suopaj%c3%a4rvi.pdf
https://www.oulu.fi/sites/default/files/seminars/Bioreducer_19_9_2013_Suopaj%c3%a4rvi.pdf
https://web.archive.org/web/20060818140107/http:/www.europeangreencities.com/pdf/activities/ConfApr2004/15.pdf
https://web.archive.org/web/20060818140107/http:/www.europeangreencities.com/pdf/activities/ConfApr2004/15.pdf
https://web.archive.org/web/20060818140107/http:/www.europeangreencities.com/pdf/activities/ConfApr2004/15.pdf
https://web.archive.org/web/20060818140107/http:/www.europeangreencities.com/pdf/activities/ConfApr2004/15.pdf
https://web.archive.org/web/20060818140107/http:/www.europeangreencities.com/pdf/activities/ConfApr2004/15.pdf
https://web.archive.org/web/20060818140107/http:/www.europeangreencities.com/pdf/activities/ConfApr2004/15.pdf
http://www.geosto.fi/geoterminen-voimala-basel-tapahtumat.html
http://www.dimplex.de/fi/ammattilaisille/tekniikan-selitykset/laempoepumput/naein-laempoepumppu-toimii.html
http://www.dimplex.de/fi/ammattilaisille/tekniikan-selitykset/laempoepumput/naein-laempoepumppu-toimii.html
http://www.dimplex.de/fi/ammattilaisille/tekniikan-selitykset/laempoepumput/naein-laempoepumppu-toimii.html
http://www.dimplex.de/fi/ammattilaisille/tekniikan-selitykset/laempoepumput/naein-laempoepumppu-toimii.html

47

The Economic Impact of Hockey in Canada. 2015. Scotia Bank. Report. PDF-
document. Available in: http://www.scotiabank.com/ca/common/pdf/ice-
Hockey-in-Canada-Summary-and-Infographic.pdf [referenced 6.3.19].

Thin-film Superlattice Thermoelectric Technology. S.a. RTI International. Leaf-
let. PDF-document. Available in: https://www.rti.org/sites/default/files/re-
sources/anser.pdf [referenced 20.3.19].

Tidal Power 101. 2015. Student Energy. YouTube-video. Available in:
https://www.youtube.com/watch?v=VkTRcTyDSyk [referenced 6.3.19].

Toivanen T. 2010. Vapaajaédhdytyksen toiminnan tutkiminen (in Finnish).
South-Eastern Finland University of Applied Sciences. Talotekniikan linja. LVI-
tekniikan suuntautumisvaihtoehto. Thesis. Available in: https://www.the-
seus.fi/bitstream/handle/10024/22878/Vapaajaahdytyksen tutkiminen.pdf?se-
quence=1 [referenced 3.4.19].

Uusiutuva energia (in Finnish). 2018. Motiva. WWW-document. Updated
25.7.2018. Available in: https://www.motiva.fi/ratkaisut/uusiutuva_energia [ref-
erenced 22.9.18].

Valuuttalaskuri.org (in Finnish). 2019. WWW-document. Available in:
https://www.valuuttalaskuri.org/usan-dollari-euro.html [referenced 6.3.19].

Vanhankaupungin voimalamuseo (in Finnish). 2017. Helen Oy. WWW-docu-
ment. Available in: https://www.helen.fi/yritys/energia/energiantuotanto/voima-
laitokset/vanhankaupungin-voimalamuseo/ [referenced 1.11.18].

Vesivoimalla eniten uusiutuvaa sahkontuotantoa (in Finnish). S.a. Finnish En-
ergy. WWW-document. Available in: hitps://energia.fi/perustietoa_energia-
alasta/energiantuotanto/sahkontuotanto/vesivoima [referenced 28.11.18].

Virtanen, S. 2013. S-ryhman logistiikkakeskus Sipoossa suunnitellaan hiili-
neutraaliksi (in Finnish). Article. WWW-document. Available in:
https://www.tekniikkatalous.fi/tekniikka/energia/2013-05-14/S-ryhm%C3%A4n-
logistiikkakeskus-Sipoossa-suunnitellaan-hiilineutraaliksi-3313899.html [refer-
enced 29.1.19].

Vuositilastot. Vuoden keskilampétila ja vuosisade 1981-2010 (in Finnish).
2018. Finnish meteorological institute. Updated 11.7.2018. Available in:
https://iimatieteenlaitos.fi/vuosiStatistict [referenced 15.11.18].

Wave power. How it works. 2008. Greenpeace UK. YouTube-video. Updated
11.2.2008. Available in: https://www.youtube.com/watch?v=FOmzrbfzZUpM [ref-
erenced 23.3.19].

Zhu Y. 2016. TOP-SELLING ICE CREAM BRANDS OF 2016. Forbes. Gal-
lery. WWW-document. Available in:


http://www.scotiabank.com/ca/common/pdf/Ice-Hockey-in-Canada-Summary-and-Infographic.pdf
http://www.scotiabank.com/ca/common/pdf/Ice-Hockey-in-Canada-Summary-and-Infographic.pdf
https://www.rti.org/sites/default/files/resources/anser.pdf
https://www.rti.org/sites/default/files/resources/anser.pdf
https://www.rti.org/sites/default/files/resources/anser.pdf
https://www.rti.org/sites/default/files/resources/anser.pdf
https://www.youtube.com/watch?v=VkTRcTyDSyk
https://www.theseus.fi/bitstream/handle/10024/22878/Vapaajaahdytyksen_tutkiminen.pdf?sequence=1
https://www.theseus.fi/bitstream/handle/10024/22878/Vapaajaahdytyksen_tutkiminen.pdf?sequence=1
https://www.theseus.fi/bitstream/handle/10024/22878/Vapaajaahdytyksen_tutkiminen.pdf?sequence=1
https://www.theseus.fi/bitstream/handle/10024/22878/Vapaajaahdytyksen_tutkiminen.pdf?sequence=1
https://www.theseus.fi/bitstream/handle/10024/22878/Vapaajaahdytyksen_tutkiminen.pdf?sequence=1
https://www.theseus.fi/bitstream/handle/10024/22878/Vapaajaahdytyksen_tutkiminen.pdf?sequence=1
https://www.motiva.fi/ratkaisut/uusiutuva_energia
https://www.motiva.fi/ratkaisut/uusiutuva_energia
https://www.valuuttalaskuri.org/usan-dollari-euro.html
https://www.helen.fi/yritys/energia/energiantuotanto/voimalaitokset/vanhankaupungin-voimalamuseo/
https://www.helen.fi/yritys/energia/energiantuotanto/voimalaitokset/vanhankaupungin-voimalamuseo/
https://www.helen.fi/yritys/energia/energiantuotanto/voimalaitokset/vanhankaupungin-voimalamuseo/
https://www.helen.fi/yritys/energia/energiantuotanto/voimalaitokset/vanhankaupungin-voimalamuseo/
https://energia.fi/perustietoa_energia-alasta/energiantuotanto/sahkontuotanto/vesivoima
https://energia.fi/perustietoa_energia-alasta/energiantuotanto/sahkontuotanto/vesivoima
https://energia.fi/perustietoa_energia-alasta/energiantuotanto/sahkontuotanto/vesivoima
https://www.tekniikkatalous.fi/tekniikka/energia/2013-05-14/S-ryhm%C3%A4n-logistiikkakeskus-Sipoossa-suunnitellaan-hiilineutraaliksi-3313899.html
https://www.tekniikkatalous.fi/tekniikka/energia/2013-05-14/S-ryhm%C3%A4n-logistiikkakeskus-Sipoossa-suunnitellaan-hiilineutraaliksi-3313899.html
https://www.tekniikkatalous.fi/tekniikka/energia/2013-05-14/S-ryhm%C3%A4n-logistiikkakeskus-Sipoossa-suunnitellaan-hiilineutraaliksi-3313899.html
https://ilmatieteenlaitos.fi/vuositilastot
https://www.youtube.com/watch?v=F0mzrbfzUpM
https://www.youtube.com/watch?v=F0mzrbfzUpM

48

https://www.forbes.com/sites/yehongzhu/2016/06/21/the-worlds-top-selling-
ice-cream-brands-2/#d6adf425a890 [referenced 8.3.19].

List of pictures

Picture 1. Refrigerants pressure-enthalpy changes in compression system.
Setiyo M., Saifudin. Purnomo B., Waluyo B., & Ramadhan A. 2017. Tempera-
ture distribution of R-134a through aluminum and ptfe expansion valve on au-
tomotive air conditioning applications. PDF-document. Available:
https://www.researchgate.net/publication/314102108 Temperature distribu-
tion_of R-134a through aluminum_and PTFE expansion_valve on_auto-
motive_air_conditioning_applications/download [referenced 28.3.19].

Picture 2. Compressor based refrigerator. Refrigeration. 2014. National Insti-
tute of Standards and Technology. Diagram. WWW-document. Available:
http://res.publicdomainfiles.com/pdf view/133/13970687413108.jpg [refer-
enced 30.1.19].

Picture 3. Absorption refrigerators structure. CONTINUOUS-CYCLE AB-
SORPTION SYSTEM. S.a. Carnagie Mellon School of Computer Science. Di-
agram. WWW-document. Available: http://www.cs.cmu.edu/~mnr/fridge.html
[referenced 30.1.19].

Picture 4. Peltier-elements structure. Adcol Electronics (Guangzhou) Co., Ltd.
2019. Peltier Effect Cooling Peltier Thermoelectric Modules Best Cooling So-
lution. WWW-document. Available: http://dutch.peltier-thermoelectric-
cooler.com/sale-9718418-peltier-effect-cooling-peltier-thermoelectric-modules-
best-cooling-solution.html [referenced 5.2.19].

Picture 5. Solar panels operation. What Is A Solar Panel? S.a. MrSolar.com.
WWW-document. Available: https://www.mrsolar.com/what-is-a-solar-panel/
[referenced 10.2.19].

Picture 6. Current industry-standard wind turbine. Monconduit, V. 2018. Wind-
turbine-wind-energy-3709110. JPG-Picture. Updated: 20.8.18. Available:
https://pixabay.com/photos/wind-turbine-wind-enerqy-3709110/ [referenced
23.3.19].

Picture 7. Wind catcher’s basis (Fellanamedlime. 2010. Malqgaf. Wikipedia
Commons. JPG-Picture. Available: https://commons.wiki-
media.org/wiki/File:Malgaf.jpg [referenced 23.3.19].

Picture 8. Pelamis P2 wave power system. Pelamis P2 wave energy device.
2011. Pelamis Wave Power. Updated: 29.07.11. Available:
https://www.flickr.com/photos/scottishgovernment/7020981211 [referenced
23.3.19].

Picture 9. Change of tides in centimetres, darker areas are better. TOPEX/Po-
seidon. Revealing Hidden Tidal Energy. TidalPatterns_hires.tif. 2019. NASA.
WWW-document. Available: https://svs.gsfc.nasa.gov/stories/topex/tides.html
[referenced 6.3.19].



https://www.forbes.com/sites/yehongzhu/2016/06/21/the-worlds-top-selling-ice-cream-brands-2/#d6adf425a890
https://www.forbes.com/sites/yehongzhu/2016/06/21/the-worlds-top-selling-ice-cream-brands-2/#d6adf425a890
https://www.researchgate.net/publication/314102108_Temperature_distribution_of_R-134a_through_aluminum_and_PTFE_expansion_valve_on_automotive_air_conditioning_applications/download
https://www.researchgate.net/publication/314102108_Temperature_distribution_of_R-134a_through_aluminum_and_PTFE_expansion_valve_on_automotive_air_conditioning_applications/download
https://www.researchgate.net/publication/314102108_Temperature_distribution_of_R-134a_through_aluminum_and_PTFE_expansion_valve_on_automotive_air_conditioning_applications/download
https://www.researchgate.net/publication/314102108_Temperature_distribution_of_R-134a_through_aluminum_and_PTFE_expansion_valve_on_automotive_air_conditioning_applications/download
https://www.researchgate.net/publication/314102108_Temperature_distribution_of_R-134a_through_aluminum_and_PTFE_expansion_valve_on_automotive_air_conditioning_applications/download
https://www.researchgate.net/publication/314102108_Temperature_distribution_of_R-134a_through_aluminum_and_PTFE_expansion_valve_on_automotive_air_conditioning_applications/download
http://res.publicdomainfiles.com/pdf_view/133/13970687413108.jpg
http://res.publicdomainfiles.com/pdf_view/133/13970687413108.jpg
http://www.cs.cmu.edu/~mnr/fridge.html
http://www.cs.cmu.edu/~mnr/fridge.html
http://dutch.peltier-thermoelectriccooler.com/sale-9718418-peltier-effect-cooling-peltier-thermoelectric-modules-best-cooling-solution.html
http://dutch.peltier-thermoelectriccooler.com/sale-9718418-peltier-effect-cooling-peltier-thermoelectric-modules-best-cooling-solution.html
http://dutch.peltier-thermoelectriccooler.com/sale-9718418-peltier-effect-cooling-peltier-thermoelectric-modules-best-cooling-solution.html
http://dutch.peltier-thermoelectriccooler.com/sale-9718418-peltier-effect-cooling-peltier-thermoelectric-modules-best-cooling-solution.html
http://dutch.peltier-thermoelectriccooler.com/sale-9718418-peltier-effect-cooling-peltier-thermoelectric-modules-best-cooling-solution.html
https://www.mrsolar.com/what-is-a-solar-panel/
https://pixabay.com/photos/wind-turbine-wind-energy-3709110/
https://commons.wikimedia.org/wiki/File:Malqaf.jpg
https://commons.wikimedia.org/wiki/File:Malqaf.jpg
https://commons.wikimedia.org/wiki/File:Malqaf.jpg
https://commons.wikimedia.org/wiki/File:Malqaf.jpg
https://www.flickr.com/photos/scottishgovernment/7020981211
https://svs.gsfc.nasa.gov/stories/topex/tides.html

49

Picture 10. A default solar heating method. How Does Solar Energy Work?
2016. Science ABC. WWW-document. Available: https://www.science-
abc.com/innovation/solar-energy-working-photovoltaic-pv-cells-silicon-in-
verter-thermal-collector-flat-plate.html [referenced 10.2.19].

Picture 11. Concentrating solar power plant. Nevada Crescent Dunes. 2015.
Bureau of land management. Available: https://www.flickr.com/pho-
tos/mypubliclands/29720945372 [referenced 2.4.19].

Picture 12. Operation of solar chimney, temperatures 95°F=35°C and
55°F=13°C. Hanania J., Stenhouse, K., & Donev, J. 2017. Energy Education.
Solar chimney [Online]. University of Calgary. WWW-document. Available:
https://energyeducation.ca/encyclopedia/Solar_chimney#cite note-Article5-4
[referenced: 10.2.19].

Picture 13. Self-made.

Picture 14. Carbon cycle, the argument for zero emissions. Biomassavoimala.
Toimintaperiaate. 2017. Vattenfall. Updated: 23.5.17. Available: https://corpo-
rate.vattenfall.fi/globalassets/corporate/about energy/2c_biomass_cyclus.jpg
[referenced 4.4.19].

Picture 15. Average temperatures in capitals of Finland and Michigan. Cli-
mate-zone.com. 2019. Climate. Available: https://www.climate-zone.com/cli-
mate/united-states/michigan/lansing/ and https://www.climate-zone.com/cli-
mate/finland/celsius/helsinki.htm [referenced 26.3.19].



https://www.scienceabc.com/innovation/solar-energy-working-photovoltaic-pv-cells-silicon-inverter-thermal-collector-flat-plate.html
https://www.scienceabc.com/innovation/solar-energy-working-photovoltaic-pv-cells-silicon-inverter-thermal-collector-flat-plate.html
https://www.scienceabc.com/innovation/solar-energy-working-photovoltaic-pv-cells-silicon-inverter-thermal-collector-flat-plate.html
https://www.scienceabc.com/innovation/solar-energy-working-photovoltaic-pv-cells-silicon-inverter-thermal-collector-flat-plate.html
https://www.scienceabc.com/innovation/solar-energy-working-photovoltaic-pv-cells-silicon-inverter-thermal-collector-flat-plate.html
https://www.scienceabc.com/innovation/solar-energy-working-photovoltaic-pv-cells-silicon-inverter-thermal-collector-flat-plate.html
https://www.flickr.com/photos/mypubliclands/29720945372
https://www.flickr.com/photos/mypubliclands/29720945372
https://www.flickr.com/photos/mypubliclands/29720945372
https://www.flickr.com/photos/mypubliclands/29720945372
https://energyeducation.ca/encyclopedia/Solar_chimney#cite_note-Article5-4
https://corporate.vattenfall.fi/globalassets/corporate/about_energy/2c_biomass_cyclus.jpg
https://corporate.vattenfall.fi/globalassets/corporate/about_energy/2c_biomass_cyclus.jpg
https://corporate.vattenfall.fi/globalassets/corporate/about_energy/2c_biomass_cyclus.jpg
https://corporate.vattenfall.fi/globalassets/corporate/about_energy/2c_biomass_cyclus.jpg
https://www.climate-zone.com/climate/united-states/michigan/lansing/
https://www.climate-zone.com/climate/united-states/michigan/lansing/
https://www.climate-zone.com/climate/united-states/michigan/lansing/
https://www.climate-zone.com/climate/united-states/michigan/lansing/
https://www.climate-zone.com/climate/finland/celsius/helsinki.htm
https://www.climate-zone.com/climate/finland/celsius/helsinki.htm
https://www.climate-zone.com/climate/finland/celsius/helsinki.htm
https://www.climate-zone.com/climate/finland/celsius/helsinki.htm

